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           PREFACE 
 
 
The fields of THz science and technology are now experiencing tremendous growth, both in the 
public and private sectors. Recent advances in theory, fabrication, and analytical tools permit for 
the first time the realization of devices, components, and systems that were only imagined just a 
short time ago. Much of this accelerated growth can be traced directly to the instrument 
requirements of space missions (e.g. Herschel).  We will be benefiting from this work for years 
to come, both in future missions (e.g. SOFIA and SAFIR) and in enumerable remote sensing 
applications (spaceborne and terrestrial). THz science and technology is still in its infancy. The 
next decade should prove to be even more exciting and productive than the last! 
 
The 14th International Symposium on Space TeraHertz Technology was held at the Loews Ventana 
Canyon Resort in Tucson, Arizona from April 22-24, 2004. There were a total of ~125 engineers 
and scientists in attendance from around the world. There were 12 oral sessions and a 3-day long 
poster session. A total of 55 papers were presented in the oral sessions and 35 in the poster 
session, for a combined total of 90 papers. The number of contributions in each subject area were 
roughly as follows: 
 

Hot Electron Bolometers           15 
  SIS Mixers             18 
  Sources             18 
  Devices    8 
  Incoherent/Bolometers  2 
  Waveguide    9 
  Spectrometers    5 
  Systems             10 
  Optics     5 
 
The Symposium would not have been possible without the support of the NRAO Tucson staff (in 
particular Jennifer Neighbours) and the students of the Steward Observatory Radio Astronomy 
Laboratory (Chris Groppi, Dathon Golish, and Abby Hedden). We also wish to thank Dr. John 
Papapolymerou and Peter Kirby of the Georgia Institute of Technology for their help in 
organizing the conference and the IEEE MTT Society for their support. Finally, the Chairs thank 
the SOC, session chairs, presenters, and all participants for making the 14th International 
Symposium on Space TeraHertz Technology an enjoyable and rewarding experience. We look 
forward to seeing you all in the future. 
 
 
 
        Christopher K. Walker 
                                                                                               John M. Payne 
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REVIEW OF HEB HETERODYNE DETECTORS AND RECEIVER 

SYSTEMS FOR THE THz RANGE: PRESENT AND FUTURE
(Invited talk) 

Sigfrid Yngvesson

Department of Electrical and Computer Engineering

University of Massachusetts at Amherst, Amherst, MA 01003

I. INTRODUCTION

The field of Heterodyne THz detectors using the hot-electron effect in superconductors 
was initiated through the pioneering Russian work by Gershenzon et al. [1]. Their version 
of this general type of detector came to be distinguished as  the PHEB (‘Phonon-Cooled
Hot Electron Bolometer’) after Dan Prober [2] proposed what is now known as the 
DHEB (‘Diffusion-Cooled Hot Electron Bolometer’).  Since that time, both types of HEB 
devices have demonstrated the order-of-magnitude lowering of the receiver noise
temperature, as measured in several laboratories at frequencies from 1 THz to 2.5 THz, 
which had been anticipated. HEBs have also been part of the history of these ISSTT 
symposia since the very first one, although one won’t find an HEB session or even HEB
mentioned in a title for a paper at the 1stISSTT: The present author “hid” a discussion on
HEBs employing the semiconductor 2DEG medium in a paper entitled: “Integrated
Tapered Slot Antenna Arrays and Devices” [3]. The first talks on the superconductor 
version of the HEB appeared at the 4th ISSTT. Since the 5th ISSTT, there have been entire 
sessions devoted to HEB topics, typically two at each conference. To-day, HEB receivers 
for up to 1.46 THz have been installed on radio telescopes, and are beginning to produce 
significant astronomical data in this frequency range which has not been well exploited 
for heterodyne  measurements previously.  HEB detectors now being developed will be 
launched on Herschel and flown in SOFIA, and it is appropriate to ask what their real 
potential is for future such systems; for example, how high frequencies will they
realistically be used for, what are the anticipated actual requirements for LO power, etc. 
This talk will review the present status of the THz HEB heterodyne detector field, and 
attempt to make predictions for where it will go in the future. For brevity, the review will 
be organized around specific questions, to which I will give answers which obviously 
represent my own personal opinion. I hope at least some of the answers and comments 
will give rise to fruitful discussions. 

II. STATE-OF-THE-ART OF HEB HETERODYNE DETECTOR TECHNOLOGY

A. Operating HEB systems above 1 THz.

There are presently to my knowledge three operating HEB heterodyne receivers systems
above 1 THz (this frequency ought to be the dividing line at a THz conference!):
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1) Kawamura et al. at the SMTO, on Mt. Graham here at the U. of Arizona. [4]
2) TREND on AST/RO at the South Pole, see Gerecht et al, this symp. (Figure 1) [5]
3) Radford et al, at Cerro Sairecabur, Chile. [6]

Figure 1. TREND at AST/RO

B. DSB Receiver Noise Temperature

Figure 2. Representative DSB Receiver Noise Temperature Data from several
Laboratories (the broad red band).
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Figure 2 (above)  reviews the state-of-the-art of DSB receiver noise temperatures (NTs) 
measured IN THE LABORATORY with HEB receivers.

The task is made easier by the fact that a number of laboratories have published NTs in 
about the same range, roughly within the red band in this figure. 
The laboratories represented are listed in Table 1. Only PHEBs are presently represented 
among the operational systems on telescopes. The data above 2.5 THz (up to 5.3 THz) 
actually have only been demonstrated by a single program, the DLR/MSPU
collaboration.

TABLE 1. Laboratories represented in Figure 1.

Laboratory Type of HEB

Moscow State Pedagogical Univ. (MSPU), Moscow, Russia PHEB, NbN, NbTiN
Chalmers Univ. of Technology (CUT), Göteborg, Sweden PHEB, NbN, NbTiN
DLR Institute of Space Sensor Technology, Berlin,
Germany

PHEB, NbN

SRON/Technical Univ. of Delft, The Netherlands DHEB (Nb,Nb/Au), PHEB,
NbN, NbTiN

KOSMA, Köln, Germany DHEB (Nb), PHEB (NbTiN)
University of Massachusetts, Amherst and Lowell, MA,
USA

PHEB, NbN

Yale University, New Haven, CN, USA DHEB, Nb, Nb/Au, Al
Harvard/Smithsonian Center for Astrophysics, Cambridge, 
MA, USA

PHEB, NbN, NbTiN

National Institute for Standards and Technology (NIST),
Boulder, CO, USA

DHEB, Nb

Jet Propulsion Laboratory, Pasadena, Ca, USA DHEB, Nb, Ta; PHEB, NbTiN

C. HEB Receiver Systems ”on the Way”.

Some of the major HEB receiver systems which are under development are:
1) HIFI Band 6 (Herschel) 1.4 THz to 1.9 THz, CUT, JPL; Launch 2007; see Figure 3;
2) GREAT (for SOFIA), 1.4 THz to 5 THz, DLR, MPIfR, KOSMA, Operation 2005; 
3) TELIS (balloon launched), 1.8 THz, DLR, SRON, RAL; First flight 2005.

We are clearly entering an era in which HEB low-noise receivers for up to at least 2.5 
THz will be used in many systems. GREAT is also aimed at even higher frequencies, up 
to 5 THz. So, we can ask:

D) Will HEB receivers climb even higher in frequency?

Let’s review why HEBs have always been considered promising for being extended to 
much higher frequencies than traditional technologies, such as Schottky diodes. 
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1) HEBs are “bulk” (or actually “surface”) devices. Parasitic reactances are very small, 
even at the highest THz frequencies. 
2) HEBs rely on a) being able to absorb the THz radiation; this is guaranteed for 
superconducting film devices into the visible range due to the very short momentum 
scattering times (note that any superconducting portions of the devices also absorb THz 
radiation);  and on b) being able to change their resistance as the electrons heat. These 
two properties do not depend on the frequency, once the frequency is above the bandgap 
frequency.
3) The majority of HEB receivers now use quasi-optical coupling. Some HEB receivers 
in the range up to maybe 2.5 THz are likely to be waveguide-coupled in the next few
years. The highest THz frequencies are likely to continue to use quasi-optical coupling. 
Antennas can in principle be efficient (good radiation patterns, low ohmic losses) up to at 
least 30 THz, but fabrication will be a greater challenge at the highest frequencies.
4) A related challenge is that of providing the LO power: The “lower” THz range is likely 
to see broader use of multiplier LO sources, as these continue to improve. In the higher 
THz range laser sources will likely continue to dominate. Quantum Cascade Solid state 
lasers (QCLs) have had a breakthrough recently (see paper by Quing Hu et al, this 
symposium [7]; also Semenov et al [8] reported using a QCL to pump an HEB mixer at 
4.3 THz). Realistic values of the LO power required for typical PHEBs at the dewar 
window are from 0.5 µW to a few µW.

Figure 3. One of the HEB mixer blocks for HIFI

5) There are missions planned which need heterodyne detectors in the highest THz area, 
which are in the long-term planning stage, such as SAFIR [9].
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II. BASIC QUESTIONS ABOUT HEBs

1) Optimum HEB material/cooling?
There is at least a temporary, practially motivated, answer to the question about which is 
the optimum HEB material, and which is the optimum cooling method (DHEB or 
PHEB): The systems which have been brought to fruition and have been installed on 
telescopes all use PHEBs. Also, the majority of all laboratory measurements in Figure 2 
are for PHEBs. Laboratories which have tried both types, such as SRON, have achieved 
their lowest receiver NTs with PHEBs. This is not to say that the situation may not 
change. The DHEBs all use lower Tc materials, which according to theory should have 
lower output noise.  If we examine the equation for the noise temperature of an HEB 
mixer, we can discern why the DHEBs may not prevail despite this advantage:

T R,DSB=(Lc/2)(TFL+TJ+TIF) (1)

Here, the temperature fluctuation term, TFL, which is proportional to Tc
2, tends to 

dominate. THz DHEBs tend to have larger conversion loss, however, which explains why 
PHEBs still have a lower (or similar) receiver NT. DHEBs tend to require less LO power, 
but are also much more sensitive to being biased at the exact optimum point, which is a 
practical disadvantage. Among PHEB materials, NbN has dominated for a while,
although NbTiN may also compete, see several papers at this symposium. 

2) HEB Models are as Good and Precise as those for SIS Receivers?
The answer to this question is unfortunately an emphatic NO at the moment. Here lies a 
major challenge for HEB researchers in the next few years. The program to accomplish
this might proceed as follows: Step 1: Empirical models based on a variety of measured 
data; Step 2: Physical models will allow improved performance; Some suggestions based 
on our projects at UMass follow below.

3)  New types of measurements to perform.
a) Impedance measurements with THz LO applied. This type of measurement has not 
been performed until recently. See Fernando Rodiguez-Morales’s poster paper [10] at this 
symposium for some fresh results, one of which is shown below. 

All gain bandwidth measurements of HEB devices have so far been performed at typical 
frequencies of 600 GHz. This is either below or barely above the superconducting
bandgap frequency under typical operating conditions, and it is important to check what 
the gain bandwidth with actual THz LO applied is. An impedance measurement should 
be able to accomplish this, and also show any potential dependence on the LO frequency.
b) Receiver noise bandwidth measurements.  There are still only a few measurements on 
the actual receiver noise temperature bandwidth (the IF bandwidth at which the receiver
noise temperature becomes twice that at the lowest IF frequencies).  It is predicted to be
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about twice the gain bandwidth (i.e. 5 GHz to 7 GHz for NbN PHEBs) which has been 
verified in measurements at CUT and at UMass [10]. The UMass measurement
demonstrated the use of a broadband MMIC IF amplifier for this test, see below:

Figure 4. Measured IF impedance (real part) for an HEB device, vs frequency [10].

Figure 5.Broadband InP MMIC LNA used at UMass/Amherst (Courtesy of Dr. Sander 
Weinreb).

The gain bandwidth can also be measured at THz frequencies by employing a tunable 
THz sideband source. We are performing such measurements in collaboration with
UMass/Lowell.

4) What is the effect of Quantum Noise on THz HEB mixers?

The author and Erik Kollberg of CUT began to tackle this unsolved question in a paper 
given at the previous ISSTT [11]. The main point is to use the Callen-Welton noise 
power expression for all components, including the HEB. A complication arises from the 
fact that all of the HEB absorbs THz radiation, while only a part of it is actually 
producing IF power. We have developed a simplified model to take this effect into 
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account, but further detailed work will need to go hand in hand with the development of 
physical hotspot models for the HEB (see below). A preliminary (unpublished) result is 
shown in Figure 6  below. We used data measured (crosses) by the DLR group [12], and 
also included their estimates of the optical input losses. We used the ratio of the
resistances of the active and passive parts of the HEB, respectively, as an adjustable 
parameter. Although our calculations then fit the measured data, it is much too early to 
judge the correctness of the theory. Further measurements and theoretical investigations 
are ongoing. 

Figure 6. Calculated and measured DSB receiver NT for HEBs as a function of LO 
frequency.

5) Physical HEB Models – Hot Spots!

Erik Kollberg and I termed the type of model which has been used by essentially all HEB 
researchers since the beginning of the field of HEB mixers, the “standard model”, in 
reference to the standard model used by high energy particle physicists. Like the high 
energy physics standard model, it forms a consistent frame work against which to
compare our measured data. In both fields, the standard models are known to be an
incomplete picture of reality.  We showed in a paper at the 10th ISSTT [12] that one can 
use adjustable parameters in the standard model to achieve good agreement with
measurements for the variation of conversion loss, output noise, and receiver noise 
temperature, as a function of the LO power (or bias current, which is the same thing). 
However, the variation of those same quantities with bias voltage disagrees drastically 
with the standard model.  So, everybody has realized that hot spot models make a lot
more sense. 
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After much excellent work by several people, there is still no accepted hot spot model 
(for good review of some earlier work, see e.g. [12,13]). Again, a combination of careful 
measurements and theoretical work is expected to eventually solve this problem. 

Figure 7. A hot spot model. 

Much of the controversy has been centered on which parts of the HEB (see Figure 7) that 
actually produce an IF resistance (and thus voltage) in response to THz power. In a 
simplified picture of the hotspot, the inside of the hotspot is already in the normal state, 
and thus can not change its resistance. On the other hand, the SC regions outside the hot 
spot obviously can not change their resistance either. Which leaves the boundaries of the 
hotspot! Recent work by Harald Merkel et al. indicates that the active regions may spread 
further away from the actual boundaries than one would deduce from the simplified 
picture described above [14]. Some of the important features which have been recently 
added to the hotspot models are
a) Since THz radition is absorbed in the entire HEB, but only parts of it contribute to the 
conversion gain, there must some loss in conversion gain compared with the standard 
model – this agrees with for example [12]. 
b) Andreev Reflection (AR) of the electrons at the SC/hotspot boundary (also in [13]).
c) A model for the very slow expansion/contraction of hot spots in the unstable

(“bistable”) portion of the IV-curves [15], including AR..
d) The models will now also need to explain the remarkable findings of the SRON group 
that devices with higher normal resistance have lower NT [16]. 

6) Are Superconducting HEBs all there is?

We should not forget that there are competing HEB or other types of devices which do 
not use SC films! Note the IF bandwidth record of 40 Ghz set by Mark Lee et al [17] with 
a “ballistic” 2DEG mixer! This receiver may have difficulties in reaching all the way to 

14th International Symposium on Space Terahertz Technology

8



the actual THz range due to charge-carrier inertia, though. Mark Sherwin’s TACIT 
detector [18] is resonant and would not have that problem. These devices, and Al Betz’s 
photoconductive HgCdTe mixers [19] are all worth watching.

III. CONCLUSION

Finally, I want to re-emphasize what is maybe the most important challenge for THz
HEB researchers – how do we expand the frequency range of very low noise HEB mixers 
all the way to 30 THz? If we draw a receiver noise temperature  diagram with a wider 
frequency scale as in Figure 8, then we see better what we are up against! Note that the
photoconductive mixers at 30 THz (10 µm) reached close to the quantum noise limit long 
time ago, and that the Erbium-doped fiber amplifiers (they are masers!) are right on that 
limit at 1.5 µm wavelength. We have some work still remaining ahead of us!

Figure 8. Receiver NT for different devices over a wide frequency range. 
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Noise performance of NbN Hot Electron Bolometer mixers at 2.5 THz 

and its dependence on the contact resistance. 

J.J.A.Baselmans1, M.Hajenius1,2, J.R. Gao1,2, T.M. Klapwijk2, P.A.J. de Korte1, B. 
Voronov3, and G. Gol’tsman3
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2
Faculty of Applied Sciences, Delft University of Technology, Lorentzweg 1, 2628 CJ 
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Abstract - NbN hot electron bolometer mixers (HEBM) are at this moment the best 
heterodyne receivers for frequencies above 1 Thz. However, the fabrication procedure of 
these devices is such that the quality of the interface between the NbN superconducting 
film and the contact structure is not under good control. The result is a low transparency 
interface between the bolometer itself  and the contact/antenna structure. In this paper we 
report a detailed experimental study on a novel idea to increase the transparency of this 
interface. This leads to a record sensitivity and more reproducible performance. We 
compare identical bolometers, coupled with a spiral antenna, with different NbN 
bolometer-contact pad interfaces. We find that cleaning the NbN interface alone results 
in an increase in the noise temperature. However, cleaning the NbN interface and adding 
a thin additional superconductor prior to the gold contact deposition improves the noise 
temperature of the HEBm with more than a factor of 2. A device with a contact pad on 
top of an in-situ cleaned NbN film consisting of 10 nm of NbTiN and 40 nm of gold has 
a DSB noise temperature of 1050 K at 2.5 THz. 

1. INTRODUCTION 

The development of new space based [1] and airborne [2,3] telescopes will create new 
opportunities for sub-mm astronomy, as ground-based observatories suffer from limited 
atmospheric transmission in this spectral range. The desire for these instruments to 
perform high-resolution spectroscopy with a sensitivity close to the quantum limit drives 
the development of low noise THz mixers. 

In the frequency range from 100 GHz to 700 GHz SIS mixers incorporating Nb/Al-
ALOx/Nb SIS junctions with a niobium tuning cirquit offer near quantum limited 
performance [4]. However, above that frequency, the Nb superconducting energy gap 
frequency, the sensitivity decreases drastically due to losses in the Nb stripline. Using 
either a low loss normal conductor or a superconductor with a larger bandgap for the 
tuning cirquit is a possible way out and might extend the use of these devices to 1.2-1.4 
THz, however, higher frequencies will be beyond their reach. Hence all practical mixers 
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in the THz range have to use Schottky-diode mixers with rather poor sensitivity and high 
local oscillator requirement. This is a serious issue regarding the practical use of these 
devices, for only very few powerful laser lines are available in the THz frequency range. 

As a result the development of THz receiver has focused in the past years on Hot 
Electron Bolometer mixers (HEBm), initiated from the early work of Gershenzon et al. 
[5]. The major advantage of these type of mixers is that their RF frequency bandwidth is 
not limited by the superconducting energy gap. The HEB mixer can in principle operate 
from millimeter waves up to the far infrared without degradation in performance. 
Recently the practical usefulness of HEBm’s at THz frequencies was shown with a 
successful application of a NbN based HEBm receiver in a radio telescope in Arizona 
[6].

Two types of bolometer mixers have been proposed and tested so far: The diffusion 
cooled HEBm [7] and phonon-cooled HEBm [5]. In both cases the bolometer consists of 
a small superconducting strip on a dielectric substrate connected to two contact pads 
which are part of a suitable antenna structure. Mixing in the bolometer is obtained by 
coherently adding the LO signal and RF signal with a small frequency difference. The 
envelope of the power spectrum oscillates with the difference frequency (IF-signal). As a 
result of RF and DC heating in the bolometer a normal conducting hot spot appears with 
a length dependent on the absorbed power. Hence the hot-spot length and thus the 
bolometer resistance oscillates with the IF frequency. The resistance change is detected 
using an external IF circuit. The difference between the two bolometer principles is how 
the hot electrons are cooled. In the diffusion cooled HEBm electrons loose their heat 
through out-diffusion to thermal reservoirs at the bolometer’s edges. In the phonon 
cooled HEBm a material with a very fast electron-phonon interaction time constant, such 
as NbN, is used with the result that the electrons loose their energy by means of electron 
phonon interactions. The latter type of bolometers are at this moment the most 
promising; they have shown slightly better noise temperatures, have been studied more 
extensively and are more reliable than diffusion cooled devices [8].

However, to combine a high sensitivity with a high bandwidth extremely thin (~3 nm) 
NbN films are used in the fabrication of phonon cooled bolometers. Only very few labs 
in the world are able to produce sufficiently high quality NbN films, with a thickness of 
about 3.5 nm and a critical temperature above 9 K. The state of the art films at this 
moment come from Moscow state pedagogical university. Using these films on MgO 
substrate devices made in Chalmers have shown a DSB receiver noise temperatures of 
1400 K at 2.5 THz on MgO substrates together with a 4.5 GHz gain bandwidth at the 
optimal bias point [9]. 
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2. THE CONTACT INTERFACE IN NBN BASED PHONON-COOLED HEBM

Because most groups nowadays obtain their NbN films from elsewhere, it is inevitable
that the NbN film is exposed to ambient atmosphere for a prolonged period, i.e. the 
bolometer fabrication is ex situ. To make this more clear we show, in Fig. 1, a schematic
description of the conventional fabrication process of a NbN HEBm. This process is in 
principle identical to the one used by all labs including ours as reported in [6,10-16]. As
stated the fabrication starts with a NbN film on a Si (or possibly MgO) substrate. In step 
2 a contact pad of gold with a thickness of about 70 nm is deposited using conventional 
e-beam lithography with a PMMA based positive resist and lift off. This implies in most 
cases a short reactive ion etch with an Oxygen plasma to remove resist remnants on the 
NbN surface. Before the deposition of the gold a thin titanium layer (~5 nm) is deposited
in situ to create a good adhesion of the gold. In step 3 the antenna structure, consisting of 
5 nm Ti and 150 nm of gold, is deposited using the same method. In a last step the NbN 
is etched away except at the bolometer bridge location.  A SEM micrograph of a finished 
bolometer with a spiral antenna is shown in Fig 2. 

It is obvious that the surface of the NbN film is not very clean when the contact pad layer 
is deposited. The inevitable result is a limited interface transparency between the
bolometer itself and the contact structure. This has important implications for the RF 
coupling between the bolometer itself and the contact antenna structure. Moreover, the 
bad control over the interface quality leads to a large spread in device performance for
furthermore identical devices.

To underline this let us consider how the RF currents flow in some detail. For the RF 
currents the sheet resistance of the NbN layer is in the order of the normal state 
resistance, RΝ 500  since >> . Hence the RF current flows through the gold 
antenna and contact pad and thus has to be transferred to the NbN bridge through the 
contact pad-NbN interface. This occurs over a distance which depends strongly on the 

Contact pad 

Antenna

NbN contact pad interface 

Si Substrate 

3.5 nm NbN film

3: Antenna deposition2: Contact pad deposition1: NbN film deposition

Fig 1. Schematical description of the conventional fabrication process of a NbN based 

phonon cooled hot electron bolometer mixer. In a last step 4 (not shown) the NbN is 

etched away except at the bolometer bridge location.

Bolometer
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Table 1: Device parameters. In all cases a 6 sec. ex situ  Oxygen plasma etch is 

included prior to the contact pad deposition.

Device Contact pad-NbN

interface

Contact pad material R at 11K 

A No additional cleaning 5 nm Ti + 65 nm Au 220  20 

D 15 sec Argon etch 5 nm Ti + 65 nm Au  (ex situ) 70  10 

H 15 sec Argon etch 5 nm Nb +45 nm Au  (in situ) 65  5

G 15 sec Argon etch 10 nm NbTiN + 40 nm Au
(in situ) 

55  5

interface resistance and the impedances of the NbN and Au. The surface area in a real 
device (see Fig 2) associated with reasonable estimate of this distance of 0.2 m is in the 
order of 1 m2, witch results in Rc  20-100  for the RF current [13,17].
For the DC and IF currents the situation is different because << , so RΝ=0 and the 
NbN layer forms a short in parallel with the antenna structure. Hence these currents will 
flow through the NbN layer.

The possible influence of the bad NbN-contact pad interface has been noted before [13-
15,17], however, cleaning the NbN-contact pad interface using an in-situ Argon etch of 
the NbN surface prior to the contact pad definition is reported to decrease the sensitivity
of the device [13, 14]. One possible explanation is that a clean NbN-Au interface reduces 
the critical temperature of the NbN layer, i.e. the transition temperature of the NbN 
underneath the contact pad is lower than the NbN bridge [18]. 

3. DEVICES

In this article we study the effect of a possible contact resistance between the contact pad 
and the NbN film on the bolometer mixer performance. To do this we have made 4 
different bolometer geometries which differ only in the way the NbN-contact pad
interface is prepared. All devices are made in one process run on one single wafer 
consisting of a 300 m thick Si wafer with a 3.5 nm NbN film deposited in Moscow. The 
size of the bolometer is 0.4x4 m and we use a spiral antenna because it is frequency 
independent, which enables a comparison of mixer properties at different frequencies 
which is important at this stage.  Table 1 shows the 4 different geometries, denoted, 
A,D,G and H. Geometry A was made using the conventional fabrication process as 
shown in Fig 1. The NbN – contact pad interface has not been cleaned other than a short 
Oxygen etch necessary for a good lift-off process. The amount of oxygen etching was 
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calibrated to yield a minimum in interface resistance [11]. We associate this minimum
with a total removal of e-beam resist remnants. A longer etch increases the interface 
resistance, probably due to the formation of an oxide layer at the interface.

For geometry D we use the same oxygen etch but afterwards we use a short Argon etch 
prior to the pad deposition, more or less identical to the process reported in [13,14,15]. 
However, a very short vacuum breach is necessary in our lab between the etch and the
Au deposition (a few minutes). In geometry H we perform the same Ar etch but after that 
we deposit in-situ 5 nm of Nb. Geometry G is identical but in stead of Nb we deposit 10
nm of NbTiN. In all cases we have calibrated the Argon etch time for a minimum in 
device resistance (maximum interface transparency) and minimum NbN film damage.
Further details on the fabrication and DC characterization of these devices can be found 
in Ref. [11].

4. EXPERIMENT

The bolometer chip is glued to a hyper-hemispherical Si lens without anti reflection
coating and clamped to the mixer block that is thermally anchored to the 4.2 K plate of a
L-He cryostat with 3 Zytex G104 heat filters, 1 at 77 K and 2 at 4.2 K and a 40 m thick
Mylar window. During the experiments the mixer block temperature is 4.35 K. As a local 
oscillator source we use a FIR laser at 2.5 THz, using CH3OH at 2.2 10-1 mBar pumped 
by a CO2 laser at line 9p36. The LO power is coupled into the cryostat by means of a 6 

m mylar beam splitter. A rotatable grid is used to control the laser power. The device
output is connected through a bias T to a 1.2 - 1.8 GHz HEMT amplifier with a noise 
temperature of ~ 5K. The output is further amplified at room temperature and filtered
through a 1.35  0.04 GHz band pass filter and detected using a power meter. The DSB 
receiver noise temperature was determined using the standard Y-factor technique. We

Contact pad
0.4x4 m
bolometer

150 nm Gold
Spiral antenna

Fig 2. SEM micrograph of a NbN hot electron bolometer mixer with a Spiral Antenna. 

The dark region is remaining negative resist from the last processing step. 
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Table 2:DSB noise temperatures at 2.5 THz and estimated LO power for the devices 

reported in table 1.

Device Minimum DSB noise temperature of 

two different devices 

Estimated absorbed LO power

at optimum bias point 

A 4700 K, 4400 K 500 nW

D 4600 K, 8900 K 550 nW

H 2600 K, 3000 K 550 nW

G 2000 K, 2100 K 700 nW

use a mirrored hot/cold load consisting of Eccosorb at 295 K and 77K placed at exactly 
the same distance (30 cm) from the cryostat window at every experiment. The losses in 
the optics (beam splitter, window and heat filters) are measured to be 3.3 dB, the 
estimated lens losses (reflection and absorption) and lens antenna mismatch are estimated 
to be 2.2 dB, yielding a total loss of 5.5 dB in the RF optics. The air path between the 
hot/cold load gives an estimated additional loss of about 2 dB. 

Due to the high LO frequency the Rayleigh-Jeans limit is no longer applicable to 
calculate the noise temperature from a measurement of the Y-factor. We use the Planck
law to calculate the effective temperatures of the hot and cold load according to: 

1exp
Tk

hf
k

hf

b

b

effT
(1)

with T the hot (295 K) or cold (77 K) load temperature.

5. RESULTS 

In Table 2 we summarize the results of the measured noise temperatures. For all 
geometries 2 identical devices have been tested and are quoted in the table. The 
unpumped and a few pumped I-V curves and  of one of the devices of geometry A and G 
are shown in Fig. 3 together with the receiver noise temperatures at different bias points. 
In all cases the region over which the noise temperature was minimal was reasonably
broad, in agreement with other experiments [16]. We observe that cleaning the interface
alone, as done for geometry D, reduces the sensitivity when compared to geometry A, in 
agreement with Ref. [14]. However, adding a thin layer of superconductor in 
combination with a cleaning of the interface, as for geometry G and H, strongly reduces
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the receiver noise temperature. The improvement is more than a factor 2 between
geometry A and G. 

Improving the optics of our system, by removing 2 heat filters, using an anti-reflection
coated elliptical lens and using a direct hot/cold load 10 cm from the cryostate window, 
reduces losses in the air and the optics with about 3 dB. Using this improved setup 
enabled us to measure with a device with geometry G a DSB receiver noise temperature
of  1050 K at 2.5 THz. The mixer block temperature was 4.4 K in this case, this 
somewhat higher temperature is caused by the reduced heat filtering. The improvement
of a factor 2 in noise temperature is consistent with a reduction of 3dB in the losses.

The LO power absorbed is estimated using the isothermal technique. The LO power 
absorbed for device A is in agreement with the values reported in Ref. [9] Geometry G 
needs a little bit more LO power, probably due to a little bit of diffusion cooling 
associated with a more transparent bolometer-contact interface.

After the measurements of the noise temperature we have started a measurement of the
Gain bandwidth at 650 GHz. The first preliminary results indicate that device G has a 
bandwidth that is about 1.5 to 2 times larger than that of device A. Hence it seems that 
cleaning the interface not only improves the noise but also the bandwidth.

Fig 3. Unpumped and 3 pumped IV curves for 2 devices: G2 (left) with a clean NbN-
contact pad interface and a contact pad consisting of 10 nm NbTiN + 40 nm Au. Right 

device A3 which did not receive any cleaning of the NbN film and a 65 nm Au contact pad.

For the three pumped IV curves the noise temperatures are shown at different bias points.
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6. CONCLUSIONS 

We have studied the effect of the NbN-contact pad on the noise temperature of a NbN 
based phonon cooled HEBm. Cleaning the NbN - contact pad interface using Argon
etching can improve the mixer noise temperature by a factor of 2 when compared to an
identical device in which no interface cleaning was performed. However, to achieve this
improvement an additional superconductor needs to be deposited on top of the NbN film
underneath the contact pad to compensate the reduction of TC associated with a stronger
superconducting proximity effect due to the improved interface transparency. Using this 
strategy to fabricate a HEBm based on a 3.5 nm NbN film on a Si substrate we have 
achieved a DSB receiver noise temperature of 1050 K at 2.5 THz at a mixer block
temperature of 4.4 K. 
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Abstract

The paper reports the latest development and the measured results of
NbTiN hot electron bolometer mixers at THz frequencies. The devices are
based on 4-7 nm thin NbTiN films, which were deposited by reactive magnetron
sputtering of NbTi target in an Ar/N2 atmosphere, on heated high-resistivity
Si substrates over a 20 nm thick AlN buffer layer. The quality parameters of
the film are transition temperature and normal-state resistivity, which were op-
timized by varying the sputtering parameters. The resistivity and the critical
temperature of the films are about 400 µΩcm and 9 K, respectively. Bolome-
ters (4 µm wide and 0.7 µm long), integrated with logarithmic spiral antennas
are fabricated. Mixer noise performance is tested in a quasi-optical receiver in
1.5-4 GHz IF band. The DSB receiver noise temperature of 700 K, 1100 K and
3000 K is obtained at 0.7, 1.6 and 2.6 THz LO frequencies, respectively.

1 Introduction

Currently superconducting hot electron bolometers (HEBs) are the most competitive
devices for heterodyne detection in THz range [1]. Phonon-cooled NbN HEB mixer
has become a relatively mature and reliable technology [2, 3]. It requires less than 1
µW of LO power [4] and offers about 1 K/GHz DSB receiver noise temperature up
to 2.5 THz with 5-6 GHz IF bandwidth [5, 6, 7]. Noise measurements up to 5 THz
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have been reported [8]. There are many active projects, which are planned to benefit
from this technology in ground based (TREND [9], APEX [10]), airborne (SOFIA
[11]) and spaceborne (Herschel [12]) observatories. HEB’s noise performance above 2
THz will certainly improve with further development of THz antennas and waveguide
techniques. Nevertheless, extension of the IF bandwidth and reduction of LO power
requirements calls for new materials and approaches in HEB devices. Among others,
NbAu bilayer HEBs [13], Ta HEBs [14] and 2-DEG semiconducting HEBs [15, 16]
can be mentioned. Recently NbTiN thin films HEB mixers have been successfully
fabricated and tested at 600 GHz and 800 GHz with DSB noise temperature of 270
K and 650 K at 1.5 GHz IF [17]. The gain roll-off frequency has been observed at
2.5 GHz (the film thickness was quoted to be 4 nm). Gain bandwidth measurements
of NbTiN HEB mixers as a function of bias voltage can be also found in [18]. So far,
Neither noise temperature nor noise bandwidth measurements at THz frequencies
have been reported.

2 Device Fabrication

Bulk Niobium-titanium nitride (NbTiN) has a critical temperature of 16-17 K and a
resistivity of around 90 µΩcm [19]. The properties of NbTiN show a strong depen-
dence on the magnetron sputtering conditions and the film quality decreases as the
film gets thinner. Thin (4-7 nm) NbTiN films are deposited on high resistive silicon
substrate with 20 nm of AlN buffer layer, by DC reactive magnetron sputtering using
a Nb78%Ti22% alloy sputtering-target (99.9% purity) in a mixture of Ar and N2. The
substrate was heated by a radiative heater below the substrate up to 400 ◦C dur-
ing deposition. The typical sputtering conditions are listed in Table 1. The quality
parameters of the film are transition temperature and normal-state resistivity, which
were optimized by varying the sputtering parameters. Table 2 summarizes some of the
parameters of four different films, which were chosen for fabrication of four batches
of HEB devices. About 50 bolometers, integrated with different double slot and log

Parameters Value
Base pressure 8.9 × 10−8 mbar

Gas flow rates
Ar 40 sccm
N2 10 sccm

DC power 300 W
Background pressure 0.63 Pa

Substrate temperature 400 ◦C
Deposition rate 0.5 nm/sec

Target-substrate distance 8 cm

Table 1: Typical sputtering condition for NbTiN film
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Film thickness Deposition Critical
ID (nm) Temp. (◦C) Temp. (K)

CCN8-11 5-6 200 8
CCN8-1 6-7 375 7
CCN8-5 6-7 375 9
CCN8-15 4-5 400 10

Table 2: NbTiN films

periodic spiral antennas were fabricated in each batch. The fabrication is done by
three consecutive electron beam lithography steps followed by metallization and lift
off, where small contact pads, antenna and the large contact pads are patterned. 5
nm Ti followed by 80 nm of Au is deposited for small contact pads. The antenna and
large pads are made from 5 nm of Ti and 200 nm Au. Then a resist mask is defined
over the bolometer bridge by one more lithography step. This is to protect the NbTiN
film in the bolometer bridge during the ion milling. In the last step the NbTiN is
etched away using Ar ion milling from the whole wafer except the bolometer bridge
and under the antenna and pads.

Figure 1: SEM picture of a 4 µm wide
0.7 µm long bolometer in the center of
the spiral antenna.

Figure 2: SEM picture of a HEB in-
tegrated with a log periodic spiral an-
tenna.

The scattering of the measured dc parameters (room temperature resistance and
critical current) of devices within a batch is very small. This indicates that the film
deposition have been quite homogeneous over the whole wafer. Four devices, one
from each batch, have been singled out for RF measurement. All these bolometers
are integrated with log periodic spiral antenna (Figure 1 and 2). Table 3 summarizes
the room temperature resistance and the critical current of these devices.
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Device Film Room Temp. Sheet Critical
ID ID Resistance (Ω) Resistance (Ω/�) Current (µA)

CCN8-1E CCN8-11 310 1550 430
NbTiN1/1-5 CCN8-1 150 750 240
NbTiN2/1-9 CCN8-5 140 700 465
NbTiN3/2-17 CCN8-15 170 850 243

Table 3: NbTiN films

3 Noise measurement

The noise measurement setup is shown in Figure 3. The mixer chip is attached to
the backside of a 12 mm diameter elliptical silicon lens, which is mounted on the cold
plate of a liquid He cryostat (18 inch Infrared LabTM). The lens is coated with 28 µm
Parylene, which acts as an anti-reflection coating optimized at 1.6 THz. Radiation
comes through a 1.2 mm thick high-density polyethylene window. A 0.25 mm ZitexTM

G108 filter is placed on the 4 K shield of the cryostat to block infrared radiation from
entering the mixer. The local oscillator (LO) source for 0.7, 1.6 and 2.6 THz is a
far infrared (FIR) laser. The LO and the RF beams are combined by a 12 µm thick
Mylar beam splitter. The IF chain consists of an isolator and a 1.5-4 GHz low noise
HEMT amplifier, which at 15 K temperature has about 2 K noise temperature in
2-4 GHz band and 5 K at 1.5 GHz. The IF signal is further amplified using two
MiteqTM room temperature amplifiers and measured through a YIG-filter (30 MHz
bandwidth) and a microwave power meter.

Figure 4 Shows the measured IV curves of device NbTiN2/1-9 as an example.
Figure 5 has a closer look at the IV curve around the optimum operating point. The
lowest receiver noise temperature was achieved at rather large area which was between
0.8-2.2 mV bias voltage and 40-56 µA bias current. This is due to the rather large
length of the these devices (0.7 µm compared to 0.4 µm long NbN devices).

The so called Y -factor technique is used to determine the receiver noise tempera-
ture. Y is the ratio between the receiver output power when hot (room temperature
295 K) and cold (liquid Nitrogen temperature 77 K) black bodies are used as signal
sources. The receiver noise temperature is calculated as:

Trec =
TCW (295) − Y TCW (77)

Y − 1
(1)

Here TCW (T ) is the equivalent temperature of a black body at temperature T defined
as [20]:

TCW (T ) = T

[
hf/kBT

ehf/kBT − 1

]
+

hf

2kB

(2)

where h is the Planck constant, kB is the Boltzmann constant, f is the RF frequency
and T is the physical temperature.
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Figure 3: Noise measurement setup

Figure 6 shows the measured receiver noise temperature at 1.6 THz LO frequency
versus IF frequency for all NbTiN mixers, mentioned above. As a comparison, a
NbN mixer performance is also plotted. As one can see the NbTiN receiver noise
temperature is almost the same as for NbN mixers at low IF frequency but the noise
bandwidth is much smaller. Device (NbTiN3/2-17) was also measured at 0.7 and 2.6
THz LO frequencies (See Figure 7).

In our investigation we have used NbTiN films on AlN buffer layer (see §2). Gain
bandwidth of NbTiN mixers on MgO buffer layer is discussed in [18]. The use of buffer
layers for both NbTiN and NbN thin films has been reported in different papers. The
superconducting critical temperature, transition width, normal state resistivity are
observed to improve in these cases, compared to the films on bare substrates (Si,
MgO, Quarts) [21, 22]. In HEB technology, Tc of superconducting films is not of that
importance as for SIS mixers [23, 4]. Nevertheless, for ultra-thin films, where Tc is
considerably lower than that for thick films or bulk material, a rise of 1-2 K for Tc

can be quite important, since otherwise, it may not be possible to operate the mixers
at 4.2 K (LHe) or 2 K (pumped LHe) temperature. Often, especially when substrate
heating during film deposition is not available (or limited), the use of a buffer layer is
the only way to obtain thin superconducting films with Tc above LHe temperature.
There has been no report on NbTiN mixers without buffer layers. This is not the case
for NbN HEB mixers. NbN HEB mixers with MgO buffer layers on both silicon and
quarts substrates have been reported in [21, 22]. In both cases a deposition on 850 ◦C
heated substrates was used. On quartz, the buffer layer results in an increase of the
gain bandwidth by about 40 % (increase from 1.8 GHz to 2.5 GHz), while for silicon
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Figure 4: Unpumped, pumped and
normal state IV curves of device No.
NbTiN2/1-9.

Figure 5: Pumped IV curves of device
No. NbTiN2/1-9 around oprimum op-
erating point.

the gain bandwidth change is less (3.5-4 GHz to 4.7 GHz) and becomes comparable
for NbN HEBs on bare MgO substrate. Earlier experiments have demonstrated that
for 3-4 nm NbN films the electron temperature relaxation time (40 ps) is limited
by the phonon escape time [2], while the electron-phonon interaction time is much
less (10 ps at 10 K [24]). Similar investigation for NbTiN films has clearly shown
that for thin NbTiN films on MgO buffer layer (silicon substrate) the phonon escape
time remains a bottle-neck of the electron relaxation rate for temperatures above
10 K [18]. In NbN the electron-phonon interaction time is inversely proportional to
electron temperature (i.e. τe→p ∝ Te

−1.6 [24]). So far, direct measurements of the
electron-phonon time in NbTiN thin films has not been done.

In this paper we present noise bandwidth measurements of NbTiN HEB mixers.
As it has been shown [25], the noise bandwidth for HEB mixers is larger than the gain
bandwidth. The receiver output noise temperature is a sum of the Johnson noise, TJ

(proportional to the electron temperature, and therefore to Tc), thermal fluctuation
noise, TFL(f) = TFL(0)/(1 + (f/f0)

2 ( proportional to the Tc
n, where n is close to 2,

depending on the HEB model used [26, 27]), and IF amplifier input noise TIF . Here,
f and f0 are the IF and the 3 dB gain roll-off frequencies, respectively.

Tout(f) = TJ + TFL(f) + TIF = TJ +
TFL(0)

1 + (f/f0)2
+ TIF (3)

The DSB receiver noise temperature (referred to the receiver input) is:

Trec(f) =
Tout(f)

2 G(f)
(4)
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Figure 6: Measured receiver noise tem-
perature vs. IF frequency at 1.6 THz
LO frequency

Figure 7: Measured receiver noise tem-
perature vs. IF frequency at different
LO frequencies using NbTiN3/2-17

where G(f) is the SSB conversion gain. Since the gain dependence on the IF has a
single pole Lorentzian shape, i.e. G(f) = G(0)/(1 + (f/f0)

2) , then Trec as a function
of IF becomes:

Trec(f) = Trec(0) +
(TJ + TIF )(f/f0)2

2G(0)
(5)

Finally, if the noise bandwidth fN is defined as the IF where Trec(fN) = 2 Trec(0),
then:

fN

f0

=

√
Tout(0)

TJ + TIF

(6)

The ratio between receiver output noise when mixer is in the superconducting
state (2TIF is seen at the output) and in the operation point (Tout(0) is seen at the
output) is about 10 dB. From this together with the Y -factor measurement data, one
can estimate that Tout(0) is about 40 K. With Tout(0) ≈ 40 K, TJ ≈ Tc = 8 − 9 K
and TIF ≈ 2 K, Equation (6) gives fN/f0 ≈ 2.2. Experimentally, we obtained fN

to be 3-4 GHz for 0.7-2.6 THz LO frequency (see Fig 7). The reduction of HEB
receiver noise bandwidth with LO frequency has been reported for NbN HEB mixers
[28]. Taking the 2.5 GHz measured f0 reported in [17], fN/f0 turns out to be about
1.2-1.6. Much smaller gain bandwidth for NbTiN HEB mixers on MgO buffer layer,
0.8 GHz at the optimal noise temperature bias point, was reported in [18]. Due
to the observed dependence of the HEB mixers gain bandwidth on the deposition
parameters and uncertainty of the film thickness (direct thickness measurements of
the films 3-6 nm thick are very difficult), it becomes clear that to draw a conclusion
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about the gain-to-noise bandwidth ratio for the NbTiN HEB mixers reported in this
paper, independent gain bandwidth measurements are needed.

4 Summary and Conclusions

Four batches of NbTiN HEB devices have been fabricated based on 4-7 nm thick
NbTiN film deposited on 20 nm AlN buffer layer on heated high resistive Si sub-
strate, showing good reproducibility of the fabrication technique. The receiver noise
temperature was measured 700, 1100 and 3000 K at 0.7, 1.6 and 2.6 THz LO fre-
quencies respectively at 1.5 GHz IF using a NbTiN HEB mixer integrated with a
broadband spiral antenna. The measured noise bandwidth was about 3-4 GHz. This
results show that the noise of these NbTiN mixers are already comparable with our
NbN mixers at low IF frequencies. However the IF bandwidth of NbN mixers is about
5-6 GHz, which is considerably higher than for NbTiN. One possible reasons for this
difference is the thickness of the NbTiN film, which is about 4-5 nm compared to
3.5 nm for NbN. The thickness of the film is one of the key parameters, which de-
termines the temperature relaxation time of the hot electrons in the bolometer and
consequently the IF bandwidth [29]. The process for deposition of high quality (high
critical temperature and low sheet resistance) and thinner (3-4 nm) NbTiN films
has to be developed to improve the IF bandwidth. Nevertheless, comparison of the
published data shows that AlN buffer layer results in larger gain bandwidth, that
indicates better acoustic matching of NbTiN films to AlN than to MgO.
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Comparison of the Noise Performance of NbTiN and 
NbN Hot Electron Bolometer heterodyne mixers at THz 

Frequencies

Harald F. Merkel, Pourya Khosropanah, Sergey Cherednichenko,  Erik 
Kollberg

Microelectronics Department, Microwave Electronics Laboratory, Chalmers 
University of Technology 

Recently experimental data for the noise temperature of hot electron 
bolometers (HEB) based on NbTiN/AlN on high resistive Si  have been 
obtained at 1.6THz. The noise, gain and IF bandwidth performance is 
compared to measured  and extrapolated data for HEB on NbN thin films on 
Si with comparable device volume. In both cases, a hot spot model including 
Andreev reflection at the hot spot ends is applied. This yields IV curves, 
gain, noise and the IF bandwidth. These data are then compared with 
measurements. The parameters for NbTiN for a best fit to the experiments 
indicate a larger role of diffusion cooling (0.55 cm/s2 compared to 0.45 
cm/s2 for NbN) at about the same electron-phonon interaction time (50ps 
compared to 40ps for a 35Å thick film). Due to the lower resistivity of 
NbTiN (a 4µm x 0.4µm x 35Å NbTiN device has 60  compared to 120  in 
NbN), antenna matching requires that the optimum device length in terms of 
receiver noise performance is located at 4µm x 0.75µm (for a 60Å…70Å 
thick film) compared to a 4µm x 0.4µm (for a 35Å thick film). This increase 
in length results in an enlarged bias region where the device shows optimum 
noise properties (from 0.5mV to 2mV compared to 0.5mV to 1mV in shorter 
devices). The expected noise temperatures are about equal for NbTiN and 
NbN (500K receiver noise at 1.6T), measurements indicate 800K for NbN 
and 1200K for NbTiN. The gain figures indicate -12dB for NbTiN compared 
to -11dB for NbN, measurements yield -18dB for NbTiN and -12dB for 
NbN. This discrepancy may be explained by the presence of a AlN buffer 
layer detuning the antenna and therefore destroying the antenna pattern 
increasing the coupling loss between the laser and the mixer. Extrapolating 
the device resistances to zero device length indicates a residual resistance of 
25  in most NbN devices. This increases the effective device length by 10% 
(corresponding to a current transfer zone under the antenna pads of 40nm). 
This effect seems more pronounced in NbTiN since the measured film 
resistance indicates a 50% reduction of the sheet resistance compare with  
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NbN. The actual measured device resistance for a 60Å NbTiN yields a sheet 
resistance which is identical to NbN at 30Å. Therefore the contact resistance 
may be up to 100   indicating a 400nm increase of the effective element 
volume. The measured IF roll-off frequency is 3GHz for a 65Å thick NbTiN 
film. This compares to 4.5GHz for a 35Å NbN (extrapolated to 2.5GHz at 
65Å thickness) indicating that NbTiN may be intrinsically somewhat faster 
than NbN in line with initial expectations. Obviously more work has to be 
done for NbTiN devices to yield the same performance level as NbN 
devices. NbTiN HEB are located in the crossover region between phonon 
and diffusion cooling. 
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SUPERCONDUCTING HOT-ELECTRON BOLOMETER MIXER FOR 
TERAHERTZ HETERODYNE RECEIVERS 

Alexei D. Semenova, Heinz-Wilhelm Hübersa, Heiko Richtera, Konstantin Smirnovc,
Gregory N. Gol'tsmanc, Natalia Kaurovac, Boris M. Voronovc

a DLR Institute of Space Sensor Technology and Planetary Exploration, 12489 Berlin, 
Germany 
c Moscow State Pedagogical University, 119891 Moscow, Russia 

A number of on-going astronomical and atmospheric research programs are aimed to the 
Terahertz (THz) spectral region. At frequencies above about 1.4 THz heterodyne 
receivers planned for these missions will use superconducting hot-electron bolometers as 
a mixers. We present recent results of the terahertz antenna development of 
superconducting NbN hot-electron bolometer mixer for GREAT (German Receiver for 
Astronomy at Terahertz Frequencies, to be used aboard of SOFIA) and TELIS (Terahertz 
Limb Sounder). The mixer is incorporated into hybrid antenna consisting of a planar feed 
antenna, which has either logarithmic spiral or double-slot configuration, and hyper 
hemispherical silicon lens. The hybrid antenna showed almost frequency independent 
and symmetric radiation pattern with the beam-width slightly broader than expected for 
diffraction limited antenna. The noise temperature as well as its spectral dependence 
changes with the bolometer sizes that provides additional tool for mixer optimization. 
FTS spectra measured in the direct detection regime agreed with the noise temperature 
spectra.

Mixer and Antenna Design  

Hot-electron bolometers (HEBs) were manufactured from a superconducting NbN 
film with a nominal thickness of about 3 nm. The film was deposited by dc reactive 
magnetron sputtering on a 350-µm thick Si substrate. The HEB was incorporated in a 
planar feed antenna patterned from a 200 nm thick gold film. The bolometer had an area 
of one tenth of a square, i.e. the width amounted ten times the length. Given the normal 
sheet resistance  600 Ohm at the transition temperature of the NbN film, the resistance 
of the bolometer just above the superconducting transition should be 60 6 Ohm as 
determined by the accuracy of the manufacturing process. However, the contact 
resistance between the HEB and the inner terminals of the antenna affected the actual 
device resistance. The contact resistance varied depending on the contact area and 
contact quality. Two types of feed antenna have been studied: self-complementary 
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logarithmic-spiral and twin-slot. We tested three logarithmic-spiral antennas with 
different sizes of the inner terminals and double-slot antennas optimized for several 
frequencies in the range from 1.5 THz to 3 THz. Antenna parameters are depicted in 
Fig.1 and specified in the Table. The substrate carrying the HEB and the feed was glued 
with its backside onto the flat optically polished side of an extended hemispherical
12 mm diameter silicon lens. The 3.5 mm extension of the lens together with the 
substrate thickness positioned the feed in the second elliptical focus [1]. The lens had a 
Parylene antireflection coating optimized for 2.5 THz [2]. The lens with the HEB was 
mounted in an Infrared Labs helium dewar with a wedged TPX vacuum window and a 
cold (77 K) quartz filter.

Fig. 1 Planar log-spiral (left) and twin-slot (right) antennas. Gold is shown gray. Black 
rectangle in the geometric center of the antenna depicts the bolometer. For log-spiral 
feeds: D is the diameter of the circle that demarcates the spiral structure of the feed from
the contact pad area; B is the largest bolometer width that the feed may have embedded.

Table. Sizes in micrometers of studied log-spiral and twin-slot planar feeds.

Log-spiral feed 

Antenna
type

B D

Sp_a 4 14

Sp_b 2.4 8

Sp_c 1.5 3.5

Twin-slot feed

Antenna
type

L S W a b

TW1 62 32 4 2 4

TW2 40 21 2.2 2.2 3.3
TW3 33.6 20 2.6 2 4

TW4 46 24 3 2.2 3.3

TW5 33.6 17.5 2.4 2 3
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Experimental arrangement 

The intermediate frequency (IF) signal was guided out of the mixer via the 50-
coplanar line. A circulator was used to feed the bias to the mixer and to transmit the IF 
signal to a low noise HEMT amplifier, which had either 1 – 2 GHz or 4 – 8 GHz 
bandwidth. The IF signal was filtered by an electrically tunable filter with a bandwidth of
75 MHz, further amplified and rectified with a microwave crystal detector. An optically 
pumped FIR laser providing lines at frequencies 0.69, 1.63, 2.53, 3,1 and 4,2 THz was 
used as a local oscillator (LO). Signal radiation and LO radiation were superimposed by 
a 6 µm thick Mylar beam splitter. The double sideband (DSB) noise temperature of the 
receiver was measured by the Y-factor method. Hot and cold loads (Eccosorb) at 293 K
and 77 K alternatively covered the receiver beam. Output signal, that is the dc voltage at 
the crystal detector, was continuously readout by a computer, which performed statistical 
analysis of the signal and computed the noise temperature. The beam pattern of the 
hybrid antenna was measured at two LO frequencies, 1.6 THz and 2.5 THz, by moving a 
hot, point-like source in the far field of the receiver. The output heterodyne signal was 
registered as a function of the position of the source. FTS measurements were performed
in the direct detection regime with the mixer kept at the middle of the superconducting 
transition. We used a simple cube interferometer with a 12-mm thick Mylar beam splitter 
and a mercury discharge lamp as radiation source. The mirror was moved with a step 
motor. Typically, ten or more computed spectra were accumulated and averaged in order 
to increase the sensitivity. 
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Fig. 2. Beam profile of the twin-slot antenna TW2 at 1.6 THz in the H- (left panel) and 
E- (right panel) planes. Solid lines show the Gaussian fit with the 3-dB width of 1.1°. 

Antenna beam pattern 

At 1.6 THz we found for the twin-slot feed antenna a 3-dB beam width of 1.1°  in 
both E- and H-planes. The pattern was fairly symmetric (Fig. 2) with the side lobes 
appearing slightly below –10 dB. The log-spiral feed had at this frequency the same side 
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lobe level and also showed symmetric beam pattern (Fig. 4).  The polarization of the 
antenna was elliptical with the middle value 1.3° of the 3-dB beam width. There was a 
15% difference between the beam width in two main elliptical planes, indicating that at 
this frequency the twin-slot feed is probably the better choice than logarithmic-spiral.
However, this changes at higher frequencies where the required dimensions of the twin-
slot antenna become comparable to the size of the IF embedding circuitry. This brings 
parasitic impedances and destroys coupling [3] between the feed and the embedding
circuitry.
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Fig. 3.  Beam profile of the twin-slot antenna TW3 at 2.5 THz in the H-plane (filled 
symbols) and in the E-plane (open symbols). Solid line presents the Gaussian fit to the 
main lobe with the 1.5° beam width at –3 dB. 
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Fig. 4. Beam profile of the log-spiral antenna Sp_b at 1.6 THz (solid line) and 2.5 THz
(dotted line) in main elliptical planes. 
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At 2.5 THz, we found (Fig. 3) higher side lobes (-3 dB) and wider beam pattern (1.5°) for 
the twin-slot feed. The log-spiral feed had at this frequency (Fig. 4) an almost symmetric
circular polarized beam with a 3-dB width of 0.8° and side-lobes at –5 dB. 

Spectral properties: Noise temperature 

Generally, the noise temperature of a HEB mixer imbedded in the planar feed 
increases with frequency. That might be a manifestation of the detection mechanism [1] 
as well as the electrodynamics of the feed or optical coupling. We made an attempt to 
separate the contribution of the feed and the HEB geometry in that we measured the 
noise temperature as function of frequency for several identical feeds having bolometers
with different planar dimensions. The length and the width of the bolometer were both 
changed proportionally in order to keep the number of squares and the impedance of the 
bolometer unchanged. Data shown in Fig. 5 suggest that the noise temperature grows 
faster for bolometers with larger width. This result seems to be a natural consequence of 
the skin effect in the bolometer. Indeed, the skin depth in our NbN films [1] is  0.57 m
at 2.5 THz that is noticeably smaller than the bolometer width. 
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Fig. 5 Noise temperature for several bolometers with different width (shown in the plot) 
embedded in the log-spiral feed of the type Sp_a. 

Although the noise temperature at a particular frequency tends to increase when the 
bolometer width decreases, this trend can be hardly treated numerically. Because of a 
very large spread of the noise temperatures between batches of identical mixers, the error 
bar would be larger than the expected variations. The reason for that is most likely poorly 
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controllable contact resistance between the bolometer and the inner terminals of the feed. 
The best noise temperatures at 2.53 THz (1.5 GHz intermediate frequency) were 1600 K
for Sp_a with 3 mm bolometer width, 2200 K for Sp_b with 1.3 mm bolometer width, 
and 2600 K for Sp_c with 1.5 mm bolometer width. We shall note here that the power of 
the local oscillator required for optimal (lowest noise temperature) operation increases in 
proportion to the bolometer volume. We have directly measured the 2.5 W LO power in 
front of the cryostat window at the optimal operation of a 1.6- m wide bolometer
imbedded in the Sp_b feed. Expected power for a 3- m wide bolometer is four times
larger that might be crucial for applications relying on solid state LO sources. 

The frequency dependence of the noise temperature for log-spiral feeds Sp_a and 
Sp_c is shown in Fig. 6. Typically, the feed Sp_a, which is capable to carry a larger 
bolometer, shows smaller noise temperature at any particular frequency. In order to 
compare electrodynamics of feeds and possibly avoid the effect of contact resistance, we 
used two different feeds with identical bolometers having the dimensions 1.5 x 0.15 m2.
The feed Sp_c with the spiral structure going down to a smaller radius (see Fig. 1 and 
Table) better performs at higher frequencies. According to [4], the upper cut-off 
frequency of a log-spiral feed should be (c is the speed of light and  is the dielectric 
constant of the substrate)

2/)1(5
0

D

c
                                                                                            (1) 

For our Sp_a feed antenna v0 1.6 THz that agrees within the accuracy of the cut-off 
definition with the data presented in Fig. 6. Following the same criteria, one should 
expect for Sp_c the cut-of at 6 THz.
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Fig. 7. Normalized to maximum FTS spectra of three twin-slot feeds. Dimensions are 
presented in the Table. Black squares show normalized noise temperature measured with 
the same TW3 feed. 
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Spectral properties: Fourier transform spectroscopy 

FTS spectra of few twin-slot feeds are shown in Fig. 7. For all three, noise 
temperatures measured at available LO frequencies correspond well to the obtained FTS 
spectra. Black squares illustrate that for the TW3 feed. Our data shows, in agreement
with [3], that the common design rule [5] L = 1.95 S and L = 0.33 0 does not properly 
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work at frequencies above 2 THz. In order to realize the required resonance frequency, 
the slot length and separation should decrease in excess to the wavelength.

Fig. 8 shows FTS spectra of log-spiral feeds. For this antenna type we also found 
reasonably good agreement between spectra and measured noise temperature. There is 
although a contradiction with common understanding of how the cut-off frequency 
should vary with the feed size. According to (1), the ratio of the smallest spiral diameters 
D (see Fig. 1 and the Table) dictates the cut-off frequency of the Sp_b almost twice as 
large as the cut-off frequency of the Sp_a. In fact we have found much smaller increase 
of the cut-off frequency. 

In conclusion, we have studied spectral properties and beam pattern of log-spiral 
and twin-slot feeds at terahertz frequencies and found feed sizes resulting in reasonably 
good performance. Comparison of two types of fed antenna suggests that at frequencies 
above 2 THz the spiral feed, although it has not very practical elliptical polarization, 
provides better overall performance.  
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Abstract

Following the design for a sideband-separating mixer using a quadrature waveguide hybrid and an in-phase 
waveguide power divider and SIS mixer chips [1] experimental results of a dual side-band separating SIS 
mixer (2SB) for Band 7, i.e. 275-370 GHz are presented.  This mixer uses DSB mixer units that can be 
tested separately prior to the 2SB operation. Image rejection over the full Band 7 is better than –10 dB.  
The results are encouraging at a prototype level and some more qualifications tests remain to be done 
before the full production of the 128 + spare units.  The design is suitable for scaling at any other 
frequencies below Band 7.

1. Introduction
One of the ALMA frontend requirements is to produce fixed-tuned single-sideband receivers with an image 
rejection better than -10 dB. In the case of a 2SB mixer, the IF bandwidth must cover 4 GHz per  sideband. 
 The SSB noise temperature specification is 133K for the 275-370 GHz band and 198 K over a maximum 
of 20% of the band.  One of the method to reject the image is to use quadrature hybid couplers in such a 
way that the Upper Side Band (USB) and the Lower Side Band (LSB) are simultaneously separated, as 
described in [1].  Design and experimental results are presented here for Band 7. 

2. Concept

As described on Fig. 1 a sideband separating mixer consists of one quadrature hybrid coupler that will split 
the RF signal detected by the telescope in two and introduces a 90 deg phase difference between its 
outputs. The Local Oscillator (LO) is split in two with an in-phase power divider.  At this point the LO and 
RF inputs are interchangeable.  The LO and RF are combined through a -16dB coupler before being 
coupled to the SIS mixer.  The IF signals of both mixers are recombined through a quadrature hybrid where 
the 90 deg phase difference will separate the USB and LSB.   

Having in mind the goal of producing front ends for 64 antennas, the design of 128 2SB mixers  must be 
simple to machine, assemble and test.  Therefore an E-plane split block technique is used to produce, in the 
same part, the quadrature hybrid, the in-phase power divider and the two -16dB couplers.  The mixers were 
chosen to be separate from the coupler in order to test them prior to the 2SB integration. And finally, the IF 
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signals are recombined with a commercial quadrature hybrid before amplification.   

Fig. 1.  Sideband-separating mixer.  

As discussed by Kerr and Pan [2], the phase and amplitude imbalance is not very critical if image rejections 
better than -10 dB are to be obtained.  For example, a 3dB amplitude imbalance and 30deg phase 
imbalance would lead to –10dB image rejection.  However, the system must be kept symmetrical, in 
particular for the waveguides and the IF connections before the quadrature hybrid. Similar mixers imput 
mismatch and gain are important too. 

3. Design of the components

a. Waveguide quadrature hybrid

Hybrid couplers have been designed and manufactured for ALMA band 7 (275-370 GHz) and a scale 
model at 195-260 GHz has been fully characterized with the IRAM Vector Network Analyzer (VNA) [3] 
and [4].

A hybrid coupler is a 3dB power splitter with 90 deg phase shift between the two outputs. The two 
waveguides are coupled through the broad walls and are separated by shunt guides g/4 long.  There is a 
minimum of two shunt waveguides, separated by g/4, producing a narrow band device, and the bandwidth 
can be increased with the number of shunts (see Fig 2).  However, for keeping the same 3dB coupling the 
width of the slots has to be decreased if the number of slots is increased.  Dimensions of a quadrature 
hybrid at mm wavelength are quite critical particularly for a series production of 128.  Simulations have 
been carried out with CST Microwave Studio (CST MWS) [5] in order to optimize the slot width and 
number, and the separation between the waveguides.  It was found that a good trade off to produce 3dB 
coupling over the ALMA band 7 while having slots that can be realistically made in series is to have 5 
shunts 0.133 mm wide, 0.350mm apart.  Each half of the split mixer blocks contains square waveguides 
0.38x0.38 mm that are separated by a 0.20 mm wall.   
The scale model has 5 shunts 0.189 mm wide, 0.497 mm apart.  The 0.545 mm square waveguide in each 
block are separated by a 0.279 mm wall. Table 1 gives a summary of the coupler's dimensions. 
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Fig 2 View of the hybrid coupler 

Frequency band Waveguide 
size (mm) 

Slot width 
(mm) 

Slot pitch 
(mm) 

Waveguide pitch 
(mm) 

195-260GHz 1.090x0.545 0.189 0.497 0.824 
275-370GHz 0.760x0.380 0.133 0.350 0.580 

Table 1 Dimensions of the 3dB coupler 

The blocks were machined with CN milling machine at IRAM, except for the 5 slots.  Since the 5 slots for 
the 320 GHz coupler cannot be easily machined the technique of spark erosion was used.  In order to 
reduce sparking in the bottom of the main waveguides, there is 0.02mm step between the bottom of the 
slots and the bottom of the main waveguides. Fig 2 shows a 3D drawing of the coupler.   

Amplitude measurement 

The amplitude measurements made with the IRAM VNA at 195-260GHz fit nicely the simulation done 
with CST MWS (Fig. 3).  These measurements were done by injecting a signal through port 1, and the 
detection was done at port 2 and 3 for amplitude imbalance.  The isolation was measured between port 1 
and 4.  Input reflection coefficient S11 is better than –20 dB across the band for all 4 ports. 
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Fig 3 : CST MWS simulation (red smooth line) and measurement of a) amplitude imbalance and b) 
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isolation.

Phase Measurement 

The phase measurements were made with the IRAM VNA at 195-260GHz.  Using the transmission 
method, as for the amplitude measurement, requires moving the mm detector module of the VNA from port 
2 to port 3.  The mm detector module is linked to the VNA with a flexible coaxial cable that carries the 13th

harmonic of the mm signal.  Any movement of these cables will generate a phase shift.  Therefore, a 
different method must be used to measure the phase difference between port 2 and 3.  Instead, a reflection 
method can be used.  
For that experiment, a -10 dB coupler was placed at port 1 so that emission and detection could be done at 
the same port.  First, a load was placed at port 3 and a short circuit at port 2 so that the signal being 
detected at port 1 would have traveled the path port1-port2  twice.  Second, the load and the short circuit 
were exchanged so that we detected twice the path port1-port3.  The difference of these two measurements 
is equal to 2x  (modulo 2 ).  The phase imbalance is then  (modulo ).  Taking a linear fit in the data 
set we measure =82 deg, mid-band (see Fig 4).  In that case, only the loads are moved thereby no phase 
offset were generated by the measurements.  However, as shown in Fig 4, the VSWR of the ports to which 
the loads are applied produce some modulation in the phase imbalance measurement.   
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Fig 4: Phase imbalance measurement in transmission and linear fit. 

b. -16 dB coupler 

The coupler consists of two waveguides that are linked through the broad walls and are separated by shunt 
guides g/4 long (See Fig. 5).  There is a minimum of two shunt waveguides, separated by g/4, producing a 
narrow band device, and the bandwidth can be increased with the number of shunts.  For a given coupling, 
the slots widths have to be reduced if their number increases. A -16dB coupler at 320GHz will have two 
slots 0.060mm wide, representing the limit with present technology for reproducible high quality slots (see 
Table 2).
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Fig. 5: View of -16 dB branch-guide LO coupler. 

Frequency band Waveguide size 
(mm) 

Slot width 
(mm) 

Slot pitch 
(mm) 

Waveguide pitch 
(mm) 

195-260GHz 1.090x0.545 0.080 0.440 0.875 
275-370GHz 0.760x0.380 0.060 0.315 0.615 

Table 2: Dimensions of the –16dB coupler 

Simulations have been carried out with CST MWS in order to optimize the slot width and the separation 
between the waveguides.  The resulting design covering Band 7 (275 GHz to 370 GHz) was tested with a 
scale model at 195GHz to 260 GHz, on the IRAM VNA.  The coupling varies by 1dB across the band and 
the isolation is better than -10dB (see fig 6).
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Fig. 6: a) and b) Simulation and measurements of the –16dB branch-guide coupler covering the band 
195-260 GHz; measurements are the noisy lines  c) and d) show CST MWS simulation for the 275-

370 GHz coupler. 

The blocks (see Fig 7) were machined with a CN milling machine at IRAM, except for the 2 slots that were 
spark eroded.  In order to reduce sparking in the bottom of the main waveguides, there is 0.02mm step 
between the bottom of the slots and the bottom of the main waveguides.  The load, absorbing the unwanted 
LO signal, consists of a wedge glued in the waveguide made of Alkar 66 (carbon and iron loaded epoxy 
absorbing material).   

Fig. 7: One half of the 320 GHz coupler 

14th International Symposium on Space Terahertz Technology

46



c. DSB Mixer unit

The DSB mixers used in this experiment were designed by A.Navarrini [6].  In order to couple the LO 
signal to the mixer, the –16dB coupler  was designed to be integrated with the back of the DSB mixer for  
reducing the input waveguide length (See Fig. 8 a). Two mixers coupler assemblies were measured as 
shown in Fig 8 b.  It must be noted here that the two mixers did not have the best noise temperature in the 
batch but more importantly for this experiment had similar characteristics (I-V and noise temperature).   
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Fig 8: a) Mixer coupler assembly for DSB Mixer test and b)DSB mixer units noise temperature 

with 4-8 GHz IF bandpass filter 

The mixer design used for this experiment was originally targeted for 2GHz IF bandwidth.  Here, in order 
to meet the ALMA requirements the mixer IF was measured over a larger bandwidth and filtered over the 
4-8GHz band.  As shown on Fig 12 a) the actual bandwidth of the mixer is 4-6 GHz and the output IF cuts 
off rapidly beyond 6 GHz.

d. In-phase power splitter

The in-phase power divider consists of a Y junction with 5 mm radii and has a CST MWS simulated 
S11 better than –20 dB across the band..

4. Sideband separating mixer

All previously described elements can be put together to form a compact sideband separating mixer.  One 
half of the coupler is shown in Fig 9 with the location of the LO in-phase power splitter, the signal 
quadrature hybrid and the two –16dB LO couplers  all machined on a single piece of brass. For each 
coupler, the un-used waveguide branch was terminated by a load .  Fig 10 shows the complete mixer 
assembly.  The LO signal is brought in with an overmoded WR-10 waveguide followed by a waveguide 
transformer to WR-3.  Note that such a transformer can be implemented in the coupler.  This non essential 
added complication in the design was not considered for the present demonstration prototype.  The two 
DSB mixers with the IF impedance transformers fit on opposite sides of the coupler connected to the output 
waveguide of each –16dB LO couplers.  The size of the coupler is dominated by the alignment pins and 
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standard UG 387flanges.  Each mixer IF output are directly recombined by a quadrature hybrid coupler.
The two output ports of the quadrature hybrid correspond to the separated USB and LSB signals and after 
going through a bias tee, an isolator, a 34 dB gain 4-8 GHz HEMT amplifier with a noise temperature of 
~4 K [7], for each band, the signals are taken out of the cryostat for filtering and further amplification. A 
good symmetry must be maintained between the two signal paths from the waveguide and IF hybrid 
couplers.

Fig 9: One half of the 2SB coupler.
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      a)                b) 

Fig 10: 2SB mixer assembly a) open 2SB Mixer, b) assembled 2SB Mixer 

Two independent superconducting coils were used to suppress the Josephson currents.  However, a 
good suppression was obtained with identical currents in both coils.  A production mixer could have one 
coil in common, as described in [1.  Tuning the mixers with bias and LO power proved to be quite simple, 
and not much different to a single ended DSB experiment.  Each mixer bias could be tuned independently, 
which proved to be useful for a few frequencies where the mixer responses were not identical.  In addition, 
for the same bias value the pump current of each mixer was very similar, showing the symmetry of the LO 
splitter and the similarities in the mixers reflection coefficients.  The image rejection was measured with 
the method described in [8] with a narrow band (35 MHz) filter at the IF output and a harmonic mixer to 
inject an RF signal.  As shown in Fig 11, the image rejection is between –10 dB and –15 dB across the 
band.  And the SSB receiver noise temperature is close to twice the DSB noise temperature of each 
individual single ended mixers, as expected for such a system. This noise temperature were obtained with a 
4-8 GHz IF.   In order to cover the IF bandwidth required by ALMA, 4-8GHz IF must be used.  However, 
as shown of fig 12 a) the mixers have a narrower bandwith.  In order to estimate how the receiver noise 
would improve in a narrower band configuration, Fig 12 b) shows noise temperature measurement at 5 
GHz IF with the 35 MHz bandpass filter used to measure the sideband ratio.  The narrow band IF noise 
temperature is much improved compared to the 4 GHz wide band measurement.  This effect is inherent of 
the DSB mixer units.   

This experiment was done with two mixers having very similar DSB noise temperatures.  Future 
experiments should show how important is the pairing of DSB mixers.  That is particularly important for 
the production of a high number for ALMA.  The yield must be determined for the matching of mixers 
since this would have a significant effect on the number of DSB mixer units to produce. 

               a)                        b) 
Fig 11 a) Image rejection for the LSB and USB ports of the mixer b) SSB receiver noise 
temperature with a 4-8 GHz IF.  The haches represent frequencies that are out of Band 7.   
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               a)                        b) 

Fig 12: a) Trec SSB at LO=336GHz over the IF band with a 4-8 GHz band pass filter.  b)SSB 
receiver noise temperature with a 5 GHz IF, 35 MHz passband.  The haches represent frequencies 

that are out of Band 7.

5. Conclusion
A sideband separation mixer was designed and tested for ALMA Band 7 (275-370GHz).  Performances of 
this demonstration prototype proved that the concept could be used on a telescope.  Image rejection better 
than -10dB is meeting the ALMA specifications.  However, the noise temperature and the IF bandwidth of 
the mixer have to be improved in order to meet the ALMA specifications. Also, the yield for the pairing of 
the DSB mixers must be measured. 
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We are developing a 640 GHz SIS mixer for JEM/SMILES[1]. To tune out the 

junction capacitance, we use a resonance circuit designed by the parallel-connected twin 

junction(PCTJ) approach[2]. For a certain resonance frequency, the length between two 

junctions (Lj) depends on the junction capacitance. Since the junction has to be large 

enough for its reliable fabrication, Lj becomes short for the resonance at 640 GHz. In 

that case, the resonance frequency is not accurately calculated from a simple 

assumption that Lj represents the effective inductance, because the junction size and 

the microstrip width are no longer negligibly small compared to Lj. We investigated the 

relation between Lj and the actual resonance frequency by means of a simple circuit 

model of the PCTJ for our 640 GHz mixer. 

Figure 1 shows a photo of our PCTJ circuit. The junction size is nominally 1 m

x 1 m. A 6.6 m-wide microstrip connects the two junctions separated by Lj, which 

ranges over 7.45 - 11.45 m. An analysis with a simple LCR circuit is not sufficient in 

that case, and we must take into account some spreading inductance of electric current. 

Our approach for that is to replace the superconductive PCTJ circuit with an 

approximate 3D structure of normal conductivity, which can be analyzed by means of a 

commercially available FEM tool. The replacement is done as follows: 

 (1) The superconductive microstrip is replaced with a normal microstrip that has the 

same width, same characteristic impedance, and same electrical length as the original 

superconductive microstrip. 

 (2) The SIS junction is replaced with a structure that has the same size, same 

capacitance, and same resistance, which is modeled with appropriate values for 

dielectric constant and conductivity. 

 The resonance frequency of that approximation model is derived from a 3D 

EM simulator (Ansoft HFSS), and it is compared with a result of a simple LCR 
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resonance model. An effective spreading inductance, that is necessary to get the derived

resonance frequency, is calculated and shown in Figure 2.

The simulated mixer performance and measurement results will be also 

reported at the symposium.
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Figure 1. Optical microscope image of the 640 GHz PCTJ image. 
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Low noise SIS mixer for the band 1.1-1.25 THz of the Herschel 

space radiotelescope 

A. Karpov, D. Miller, F. Rice, J. Zmuidzinas 
J. A. Stern*, B. Bumble*, H. G. LeDuc* 

California Institute of Technology, Pasadena, CA 91125, USA 
* Jet Propulsion Laboratory, Pasadena, CA 91109, USA 

We report a further progress in development of SIS mixer for the 1.1-1.25 THz 
band of the heterodyne spectrometer of Herschel space observatory. The 
corrected receiver noise with the new mixer is close to 500 K with detection in 
entire 4-8 GHz IF band. 
The quasi-optical SIS mixer has two Nb/AlN/NbN with the area of 0.25 m2.
The Josephson critical current density in the junction is 30-50 kA/cm2. The 
tuning circuit integrated with SIS junction has the base electrode of Nb and a 
gold wire layer. This approach simplifies the SIS junction technology, 
compared to a design using NbTiN base electrode. The junction base electrode 
and the ground of the tuning micro strip circuit are formed in one step. The 
frequency of operation of the mixer is well above the gap frequency of Nb, and 
it behaves here as a normal metal.  
The measured mixer beam pattern is symmetrical and, in a good agreement with 
the design requirements, the f/d =4.2. The receiver Y factor is measured in 
experiment with an ambient temperature and a liquid Nitrogen cooled loads. 
The maximum Y is about 1.26 at bias voltage about 2 mV. The receiver 
uncorrected DSB noise temperature is 750 K. A further experiment with the aim 
to reduce the loss in the mixer circuit at THz frequency by 30-60 % is under 
way.
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INFLUENCE OF JUNCTION-QUALITY AND CURRENT DENSITY
ON HIFI BAND 2 MIXER PERFORMANCE
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KOSMA, I. Physikalisches Institut, Universität zu Köln

Zülpicher Strasse 77, 50937 Köln, Germany

B. D. Jackson
National Institute for Space Research (SRON)

Landleven 12, 9747 AD Groningen, Netherlands

T. Zijlstra, M. Kroug
Dept. of Nanoscience, Faculty of Applied Sciences, Delft Univ. of Technology

Lorentzweg 1, 2628 CJ Delft, Netherlands

Introduction

The current density of Nb/Al2O3/Nb SIS junctions that are used as sub-millimeter wave
mixers is a determining parameter in the device design. Integrated tuning circuits for sin-
gle junction designs typically have a fractional bandwidth of 1/ωRC, with ω the angular
frequency, R the junction normal state resistance and C the junction capacitance. As
RC~1/jc (jc is the current density), for higher frequencies and/or larges bandwidths one
would like to use a devices with higher current density.

Admittedly large bandwidth can also be achieved by parallel arrays of junctions
with a lower current density1. However a higher jc will also improve the coupling for tun-
ing circuits with normal metal lines that have some of loss, as are used at frequencies
above the gap frequency of niobium (700 GHz). In addition at higher frequencies and for
certain applications like array- or satellite mixers, one wants to avoid unnecessary com-
plexity in the operation of the mixer, for example in tuning the magnetic field for an array
of junctions.

For higher current densities it is observed that junctions start to exhibit a lower
quality, expressed in the ratio of the sub-gap resistance (Rsub-gap) and the normal state
resistance (RN). This is attributed to an increasing number of imperfections in the barrier
(pinholes). Dieleman2 has shown that the additional sub-gap current through the pin-holes
leads to a disproportionately high additional shot-noise generation in the SIS junction,
because the charge transport through the pinholes is multiple Andreev reflections (MAR).

The increase in current density at the expense of quality leads to a trade off be-
tween improved coupling and higher junction noise in the optimization of a mixer design.
For future design decisions it is important to obtain mixer data to verify the predictions of
performance by the Quantum theory of mixing3 (QTM) that take into account the MAR
in the barrier.
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In the course of the development for HIFI4 Mixer Band 2 (636-802 GHz)
KOSMA has access to twin junction devices with an integrated tuning structure consist-
ing of a NbTiN ground plane and aluminum wiring, from two different fabrication facili-
ties, DIMES5,6 and KOSMA7. The devices from DIMES have in general an excellent
Rsub-gap/Rn ratio of around 20 with current densities of 6-8 kA/cm2, where devices from
KOSMA have a high current density of 12-14 kA/cm2 and an Rsub-gap/Rn of around 7. We
present measurements and analysis of comparable devices of both fabrication facilities.
For the RF measurements we use a HIFI Band 2 fixed tuned waveguide mixer with a 4-8
GHz IF.

Device Design

The twin junction de-
vices are of a standard
design. The junctions
are connected by a mi-
cro-strip line of suitable
length and width to
tune out both junction
capacitances at the cen-
ter frequency of the
design band. This junc-
tion pair is connected to
the antenna (in this case
a waveguide probe) by
an approximately quar-
ter wavelength micro-strip-line that matches
the junction pair impedance to the antenna
impedance. The layout of the device is
shown in Figure 1. The tuning structure has a
superconducting NbTiN ground plane, and
an aluminum wiring layer8.

The calculated coupling between the
antenna and the devices as a function of fre-
quency, dependent on device current density,
is given in Fig. 2. The dimensions of the
transformer part of the tuning structure are
slightly adapted to achieve optimum cou-
pling at each current density.

The DIMES device has an NbTiN
ground plane with a resistivity of about
110 µΩcm at approximately 20K and Tc~14.4K. The aluminum wiring layer has a resis-
tivity of approximately 1.2 µΩcm. The NbTiN ground plane of the KOSMA devices has

Ground
Plane

Top Wiring Top-Wiring: Aluminum
Bottom-Wiring: NbTiN
Junction-Area: (0.8-1.0 mm)2

Quarz Substrate

Ground Plane

Top Wiring

SiO2
Dielectric

Nb Top Electrode

Al-Al2O3-Barrier

Nb Bottom Electrode

Top View Cross-Section
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Radiation

350 nm
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210 nm

Figure 1: Realization of Twin-Junction-Device

Figure 2: Impact of Current Density
on calculated Power Coupling
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a resistivity of 90 µΩcm and a Tc of 14.5 K. The aluminum wiring layer shows a resistiv-
ity of approximately 0.8 µΩcm.

Measurement Setup

The devices are used in a standard fixed tuned waveguide mixer-block. The mixer-block
is used in a HIFI Band 2 mixer unit, which contains a corrugated horn, a magnet and a 4-
8 GHz IF coupling, including a bias tee.

Mixer

Blackbody Load
THot=295K
TCold=77K

LO

Mirr
or

Mirr
or

Bias-T

Bea
m- Splitt

er

Power-
Detector

PC

DC-Bias

GIF

Dewar ~ 4.2 K

295 K
Dewar-
Window

295 K
Dewar-
Window

77 K
N-Shield

77 K
N-Shield

Figure 3: Sketch of the heterodyne Measurement Environment; measurements are made
in a liquid helium Dewar, noise- and gain-contributions can be classified into three

groups: beam-splitter and windows are the optics contribution, the mixer noise contribu-
tion, the contribution of the IF-chain, composed of bias-T, isolator, HEMT-amplifier and

warm amplifiers.

The measurement set-up is shown in Figure 3. The mixer unit is mounted to the
cold plate of a liquid helium dewar. The operating temperature of the mixer during all
measurements is 4.3 K. We use a solid state LO source, a 10 µm Mylar beam-splitter and
a standard 300K/77K load calibration unit. The IF output power is measured over the full
4-8 GHz bandwidth. The noise temperature of the IF-amplifier varies in different meas-
urements and is calibrated with the shot-noise method.

Measurements

The devices of comparable area are characterized by DC-measurements. The DC-
characteristics of three measured devices are shown in Figure 4. Clearly the differences in
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current density can be seen in the higher current of the solid curve in the normal conduct-
ing branch above the gap frequency (a)). In b) the axes are scaled to see the differences
below the gap. The sub-gap-current of the high-current density devices is clearly visible.
Even if one would scale the current of the low current density devices to the values of the
solid line, their sub-gap-current would be much lower.
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Figure 4: I-V-Characteristics of measured junctions fabricated by DIMES
(jc=5-7 kA/cm2, Q=25-18) and KOSMA (jc=13.5 kA/cm2, Q=6.3)

The band pass of these devices is
measured with a Fourier-Transform-
Spectrometer (FTS). The data are
plotted in Figure 5. The FTS-
conversion is in arbitrary units scaled
to comparable values.

The performance of the three
devices is also characterized by their
measured mixer noise and mixer
gain. In the measurement setup
which is shown in Figure 3, a total
receiver noise temperature is ob-
tained. The optics contribution has
been measured separately in an FTS-
measurement. The contribution of
the IF-chain is determined by a shot-
noise-fit, which is described below.

Figure 5: Measured band path for three de-
vices; all devices show the best coupling

below and around 700 GHz
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After subtracting the optics- and IF-chain-contributions the corrected mixer gain and
mixer noise are obtained which characterize the influence of the mixer-device itself. The
corrected mixer noise and mixer gain are shown in Figure 6.
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Figure 6: Mixer Noise Breakdown for three junctions

The devices U22 (DIMES) and D42 (KOSMA) show very similar values for the mixer
noise although they have very different DC-characteristics (quality Q and current density
jc). The higher sub-gap-current of device D42 (KOSMA) apparently does not necessarily
lead to a higher noise. The device with a lower current density U22 has a higher mixer
gain in comparison to the high current density device D42. The third device V20 shows a
wider bandwidth but does not have such good values for mixer noise and mixer gain.

In order to obtain information about the influence of the IF-noise, IF-gain and
possible increase of output noise induced by the Multiple Andreev Reflection (MAR), the
unpumped IF output power is analyzed. The calculated shot-noise power of the junction
at the IF output is compared with the measured output power. For the shot noise power of
the twin-junction devices, the formula
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is used. Here B is the bandwidth, YL is the load admittance. The spectral noise density is
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is used for the tunneling current9 for eV < 2∆ (with K0 the zeroth-order modified
Bessel function)

– IMAR(V) = Imeasured(V) – Itun(V) is the current carried by the MAR effect
– ( )eV2�r1e(V)q MARMAR ⋅+⋅= is the voltage-dependent effective charge of the

MAR-carried current with rMAR as fit-parameter. We introduce this “ratio of
MAR-effect” in order to estimate, to which degree this effect has to be taken into
account for the analysis of the measured devices.

Then the total output power is calculated according to the formula

IF

2

dVdILY

dVdILY
ISOIFBShotout GTTBk(V)P(V)P ⋅++=

+

−

where TIF is the noise temperature of the HEMT-amplifier and bias-T, TISO is the tem-
perature of the isolator and GIF is the total gain of the IF-chain.

The resulting data for two devices – one of the DIMES devices (V20) and one KOSMA
device (D42) – and their fit parameters are given in Figure 7:
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Figure 7: Calculation of shot noise of the junction and IF-noise for two devices in com-
parison with the measured IF-output power assuming a voltage-dependent charge for

the MAR-carried current
It can be seen that the effect of MAR is stronger for the device D42 on the right hand
side, which has the higher current density and the lower quality factor Q, as one would
expect. The fit seems to be appropriate for voltages from around 1 mV to the gap-voltage.
But for lower voltages the calculated power values are too high.

To obtain a better fit, the data were also analyzed assuming a constant effective
charge for the MAR carried current (qMAR(V)=const). If this constant effective charge has
a value of 2e, at the gap-voltage VGap, it has the same value as the voltage dependent ef-
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fective charge for rMAR=1, and for lower voltages it is below the voltage dependent func-
tion q(V). The results are given in Figure 8.
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Figure 8: Calculation of shot noise of the junction and IF-noise for two devices in com-
parison with the measured IF-output power assuming a constant charge for the MAR-

carried current
The approach with a constant charge over the bias voltage seems to describe the phenom-
ena better than the previous one. For the DIMES-device the result is an effective charge
of 1.5·e. The value for the KOSMA device is 2.2·e. These values are used in the further
performance analysis.

Simulated mixer results

The measured DC IV-curves and results of the fit to the IF output power, including the
MAR parameter, are used as input to the QTM. The actual embedding impedance of the
devices is estimated using actual junction and layer parameters as obtained from DC-
measurements. The Band center is shifted towards lower frequencies in agreement with
the measured FTS results. We simulate the performance around 700 GHz where the best
performance was measured for both devices. The results are given in Table 1.

Table 1: Simulated and measured mixer input noise temperature and mixer gain
The simulated mixer performance is calculated

with MAR-effect (qMAR/e 1) and without MAR (qMAR/e = 1).

Device qMAR/e TMix [K]
simulated

GMix [dB]
simulated

TMix [K]
measured

GMix [dB]
measured

1.5 70 -6.5U22 (DIMES) 1 66 -6.5 96 -5.4

2.2 96 -6.7D42 (KOSMA) 1 69 -6.7 91 -6.9
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Discussion

It would be very desirable to have a reliable way of including the effects of the tunnel
barrier imperfections in the performance simulation of high frequency (and high current
density) Nb/Al2O3/Nb SIS mixers. If we compare the calculated output power using the
formula ( )eV2�r1e(V)q MARMAR ⋅+⋅= with the measurements of the unpumped IF-
output power, it is apparent that the effect of the MAR on the shot noise output is overes-
timated, even for the KOSMA device with a quality of 7. In addition we were only able
to obtain a good fit between theory and measurement by removing the voltage depend-
ence of the effective charge. The fit result indicates that only a part of the current in ex-
cess of the tunneling current is caused by MAR, and that there are still other charge
transport mechanisms involved.

The fitted constant effective charge was used in the QTM as suggested in 2. The
inclusion of the MAR increases the calculated noise, but for the good quality junction the
predicted noise is still a little low compared to the measured noise. For the bad quality
junction the calculated noise is similar to the measured one.

Based on the measurements and analysis presented here we can conclude that one
should take into account the MAR in the imperfect barriers in the analysis of the mixer
results. Using the approach with the voltage independent, fitted, effective charge to esti-
mate the influence of the MAR, the optimum design current density probably shifts to
higher values than 10 kA/cm2. To confirm if simulated results with the QTM including
the MAR also yield a good prediction of measured mixer performance, we need to ana-
lyze more data.
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ALL-NbN SIS MIXERS USING A TUNING CIRCUIT WITH TWO 

HALF-WAVELENGTH DISTRIBUTED JUNCTIONS

Y. Uzawa, A. Kawakami, M. Takeda, and Z. Wang 

Kansai Advanced Research Center, Communications Research Laboratory  

588-2 Iwaoka, Iwaoka-cho, Nishi-ku, Kobe 651-2492, Japan 

Abstract    A tuning circuit with two half-wavelength distributed junctions has 
been tested in quasi-optical mixers using epitaxial NbN/MgO/NbN trilayers at 
frequencies above 700 GHz. The tuning circuit consisted of two half-wavelength 
distributed NbN/MgO/NbN tunnel junctions connected in parallel by a 
half-wavelength NbN/MgO/NbN microstrip line at a design center frequency of 870 
GHz. The circuit was connected to the feed point of a center-fed twin-slot antenna by 
a quarter-wavelength impedance transformer. The mixer chips were installed in our 
quasi-optical receiver system and their performances were measured. Preliminary 
results showed double-side-band receiver noise temperatures of 6-9 hf/kB from 675 to 
810 GHz for a mixer with the current density of only 6 kA/cm2 (estimated CJRN

product was about 30 at 750 GHz). The RF bandwidth was broader than that of a 
conventional full-wavelength distributed SIS mixer with the same current density. 
We are now redesigning and fabricating all-NbN SIS mixers to improve the 
performance at higher frequencies. 
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Abstract

A chain of multipliers has been built which for the first time produces an all solid state
source up to 1.9 THz.  The chain uses a tripler multiplying from near 300 GHz to 900
GHz and a doubler up to 1800 GHz.  The 300 GHz source presently uses various
multipliers and solid state drivers, with the goal of using a single cascaded pair of
doublers driver by a power amplifier for the full band.  All of the multipliers in this work
use planar varactor or varistor diodes with a significant level of circuit integration.
Output power exceeds 1 µW at several points in the band and a peak of 3 µW.  The
source is operated at a temperature of 90 K for best efficiency.

Introduction

The Herschel (FIRST) space mission requires LO sources with frequencies from
1.4 to 1.9 THz to operate HEB mixers in band 6.  This band is broken up into two sub-
bands, with the higher band of 1.7-1.9 THz being the subject of this work.  The LO for
these receivers is based on passive frequency multiplication from a initial band of 71-106
GHz where high power amplifiers are available.  One way of multiplying to this band is
to use a combination of three doublers and a tripler with a net multiplication of ×24, with
a starting frequency in the 71-79 GHz range.  Another possibility is to use two triplers
and one doubler (×18), and to start in the frequency range 94.5-105.5 GHz.  The expected
power level needed for these mixers is ~1 µW, which is a fairly high power given the
high frequency, and places fairly extreme requirements on the LO chain, given the
present state of the technology.  At 1.5 THz an HEB mixer has operated optimally from a
1 µW solid state source [1], and this verifies the required power, although typical mixers
at this time seem to use larger HEB devices (and more LO power) than the one used in
this test.

In order to meet the requirements for flight qualification the source must use all-
planar components with no mechanical tuning.  At this time, planar diodes have shown
excellent performance over moderate bandwidths and mechanical tuning is not really
practical with most designs, so this requirement is not much of a limitation. Efficiencies
actually exceed early expectations, and operating bandwidths do meet the goal.  Diode
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fabrication is quite consistent, and nearly all multiplier designs work very well, except
that there are persistent errors in the exact frequency range covered relative to the design.
Fairly complex circuits can be fabricated monolithically, on GaAs of any needed
thickness and so the full set of tools are available to make the needed multiplier chains.

Within the range of multipliers that have been designed for this work there are
many possible ways to realize either ×18 or ×24 net multiplication.  In general if a chain
uses a tripler it should be placed as the last stage because triplers are less suited to
produce high output power than doublers.  However, at the very high frequencies
involved, a tripler circuit is harder to fabricate on GaAs, particularly if it is to be DC
biased.  In addition there are questions about the potential efficiency of such a high
frequency tripler because of carrier velocity saturation which tends to reduce higher
harmonics in the diode waveform.  For these reasons this work is based on a doubler as
the final stage, with a tripler as the driver.  There is still a choice of initial stages, but two
cascaded doublers have far higher output power potential than a single tripler, given that
there is a good understanding of how to use series diode arrays in doublers but not in
triplers.  Thus this work is based on a ×2 ×2 ×3 ×2 chain.

Driver stages

While the plan is to use ×2 ×2 ×3 ×2, the first two doubler stages are not yet
optimized and this work was primarily intended to test the feasibility of a tripler near 900
GHz driving a doubler.  To provide full coverage, a variety of sources were used as
drivers in the 280-320 GHz band.  At the lowest frequencies a Gunn oscillator producing
50 mW from 140-146 GHz was used to drive a doubler.  From 290-310 GHz a cascaded
doubler- doubler was used, and at the highest frequencies a tripler was used.  These
drivers produced varying amounts of power and the final output varies considerably as a
result, but it was possible to cover the full band.

All of the multipliers use planar diode arrays, and almost all of the devices used
were developed for the Herschel work.  The number of diodes used in the multipliers
(and their size) depends on the expected power level.  Both the doublers and triplers are
very similar or identical to those described previously.  All of the tests performed at ~90
K since Herschel will operate with a cold LO system at a temperature near 120 K.

The doubler used near 150 GHz was built some time ago using a UVa diode array
[2, 3] and this device was intended to drive the chain at frequencies from 140-160 GHz,
but the diode used was destroyed by overpower in early tests and no sufficiently similar
replacement device was available.  As a result the useful bandwidth was greatly reduced,
and sufficient power was available only near midband.  To avoid further loss of time the
input power was limited to 150 mW which is probably well under the maximum that
could be used.  The typical output power was 45-50 mW in the midband.  At frequencies
below 146 GHz a Gunn oscillator was available producing 50 mW which exceeded the
doubler output power, so this was used as a driver.
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The planned second stage doubler uses a diode designed at UMass, and fabricated
at JPL using 4 anode array.  It is quite similar to a doubler described previously [2, 3] but
with simpler construction.  The diode array is connected to a beam lead capacitor with a
50 µm wide ribbon and these components are mounted to a waveguide block by soldering
the diode in place.  The construction is shown in Figure 1.  While the block seemed to be
properly constructed, there was a very large error in the operating frequency which tuned
the block quite low in the band, and it was only marginally useful above 300 GHz.  It is
possible that the diode has excess capacitance, or that there is a design error in the block,
but this is still unresolved.  Despite this problem, there was still 10-15 mW output power
from 275-300 GHz (at 90 K), which dropped rapidly above 300 GHz.  This power was
less that desired and certainly not enough for a flight multiplier chain, but sufficient for
initial tests.

.

Figure 1.  280-320 GHz doubler using 4 diode array and beam lead capacitor for

bias bypass.

As an alternative source for the frequencies above 300 GHz a tripler [4] was used
which was built as prototype for later balanced triplers, including the 900 GHz stage in
this work.  This early design had limited bandwidth but good efficiency at the peak,
which just happened to be from 300-320 GHz.  The output power is estimated to be 8-9
mW at 90 K, which is considerably less than would be obtained from a doubler, but
marginally adequate for this work.  As a side note, this same tripler design is being used
as the 320 GHz subharmonic LO on the EOS-MLS 640 GHz receiver.

900 GHz Tripler

The tripler was designed at UMass and the diode circuit was fabricated JPL.  It is
a balanced design very similar to the one mentioned above, and uses a pair of diodes.
Provision is included within the chip for series biasing of the two diodes.  A cross section
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of the block and the device chip is shown in Figure 2.  The block for the tripler was
machined on a precision CNC micro-milling machine [5], with the very reduced height
output waveguide made by broaching a slot with a 25 µm wide tool.  Note that this
waveguide steps up to near full height very close to the diode chip.  The tripler is easy to
assemble except that diode chip is very small and is only 12 µm thick.  Thus the main
problem is in picking up the chip, but with micro-manipulators this is fairly
straightforward.  The chip is simply glued into the block with the beam leads establishing
the circuit ground, and the bias lead connected to an external bias circuit.

A prototype was built using a device that was 20 µm thick, rather than the design
thickness of 12 µm.  The tuning of these triplers is know to be sensitive to the thickness
of the GaAs, and as expected this device tuned very low, relative to the design.  However,
it did operate at a frequency where a fairly powerful driver source was available, and so
was useful in establishing the potential maximum output power that may be obtained.
Tests were performed near a physical temperature of  90 K, which was convenient using
LN2, although actual operation in Herschel will be at 120-130 K.  The peak output power
was 1.0 mW near 810 GHz with ~18 mW input, which actually exceeded the expectation
for this device.  Bias conditions seemed moderate (2.3 V at 0.5 mA for the series pair)
given the size and 4V (per diode) breakdown voltage for the device, but no long term
testing was done to establish any safe operating limits.

Figure 2.  900 GHz tripler cross section and the diode chip.
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After these tests a second tripler was assembled with a 12 µm thick device and it
appears to tune as expected, although there is not enough input power to properly pump it
over the full band.  Peak output power is lower, but this is largely because there is less
input available, and only somewhat due to the higher frequency.  A plot of the output
power of both triplers over their respective bands is shown in Figure 3.  Input power is
not calibrated, but is typically 7-12 mW over the points tested.  These tests were
performed at a temperature near 90 K.  Three drive sources were used, as described in the
previous section.

Figure 3. Output power from two triplers of the same design at 90 K with various

drivers.  The dashed curve is for a 20 µµµµm thick device while the solid curve is for 12

µµµµm thickness. Typical input power is 15-18 mW for points below 850 GHz and 7-12

mW above.

1.8 THz doubler

The doubler for 1.8 THz uses a balanced design in a resistive mode, with the
diodes forward biased.  The diodes are mounted in series in the output waveguide to
simplify a layout with bias.  The design is very much like that for 1.5 THz [6] except that
the old design was on 3 µm thick GaAs with a 50 µm thick handling frame, while the
new design has no frame, just 3 µm thick membrane for the circuit substrate with a 50
µm thick extension handle.  The circuit has also been revised to improve the input match,
and the overall bandwidth.  The block was machined with the same CNC micromill as for
the tripler, using end mills down to 50 µm diameter.  The output waveguide transitions to
square waveguide very close to the device chip, which is mainly required for optimal
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impedance matching, but also aids the transition to a diagonal feed horn which is
machined into the block.  The input waveguide is internally 150 x 300 µm, but to reduce
the loss of the input section, this was increased to a square 300 µm cross section at the
flange.  The same was done to the output waveguide for the 900 GHz tripler.  While in
principle this oversized cross section can work perfectly, there is some evidence in the
test data that excitation of higher modes may be a problem.

The circuit is fairly easy to assemble, except that diode can not be positioned, or
even touched, by hand, since the 3 µm thick GaAs is extremely fragile.  The thicker
“handle” region is strong enough to be useful for some purposes, but micro-manipulators
are the preferred method of handling.  Assembly simply requires positioning the chip
properly and attaching the bias lead with conductive epoxy.  The beam leads provide all
of the remaining connections to the block, and the chip is fully suspended across the
channel by its leads.

Figure 4.  1800 GHz doubler device and a detail of the complete block.  The output

waveguide at the left side of the photo is square and transitions to a diagonal horn.

All testing was done using the same 900 GHz tripler as a driver.  The diodes were
current biased at 0.2 mA, which appeared close to optimum for all input power levels.  At
this bias, Vbias is 1.8V with no drive to the doubler, at a physical temperature of 90 K.  At
the maximum input power this bias decreases by about 0.4 V.  This bias change at
constant current (∆Vbias) is proportional to input power in the square law limit, which is
quite broad for a biased detector.  Up to the maximum input power, the output power
varies as ∆Vbias

2, equivalent to Pin
2, which indicates that the doubler is very underdriven.

This is expected since for the 1500 GHz doubler, an input power of 2 mW was required
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to get the output into the regime where it is linear with input power.  The plot in Figure 5
shows the output power and also a curve proportional to ∆Vbias

2 for the doubler over the
range of frequencies tested.  As can be seen, there appears to be a very close
correspondence between these two quantities over the full band, and it is much easier to
measure bias voltage than output power at the very low power levels involved, which
approach the limit of sensitivity of the power meter [7] used.

Input power was not measured in any detail over the band, but the curve of Figure
3 (for the tripler output) may be used as an indication of the power available, since this
was measured under the same conditions as in the doubler tests.  Only the tripler with 12
µm thickness was used in these subsequent tests.  As may be seen, the output power
exceeds 1 µW for an input power of ~0.4 mW.  This is fully consistent with the results
for the 1500 GHz doubler.  The highest power point of 3 µW also occurs for an apparent
input power of 0.4 mW but, being at a band edge point for both devices, may result
simply from a favorable interaction where the tripler delivers more power than into a
matched load.

Figure 5.  Output power from the 1800 GHz doubler, both measured (solid points)

and estimated from the video response of the diodes (continuous line).  Input power

is as shown in Figure 3.

Figure 5 shows a general decrease in power at higher frequencies due to lower
drive power, but the close correspondence between measured power and bias indicates
that the output matching is quite flat.  The input match shows no clear trend given the
somewhat randomly spaced points and varying available power, but the power ripple is
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higher than expected.  It is possible that this results from a poor waveguide interface
between the devices, either a poor flange joint, or significant mode conversion in the
oversized waveguide.  It is much higher than would be expected from the predicted
VSWR of the two devices, since with a resistive doubler is actually fairly easy to get a
good input match.

The properties of the various multipliers are summarized in Table 1.  Efficiencies
are well documented for the first two doubler stages but are only estimated for the last
two stages.  Efficiencies were not measured at room temperature for the higher stages,
but it is expected that they operate similarly at room temperature because of the very high
epilayer doping.  The primary reason these tests were performed cold is to get the benefit
of the increased power available near 300 GHz from the driver stages which use low
doped diodes.  Without this power the final stage would work too poorly to be even
measurable.

Frequency Number of diodes Efficiency 90K Epilayer doping

150 GHz 6 39% 1x1017

300 GHz 4 28% 2x1017

900 GHz 2 ~5% 3x1017

1800 GHz 2 ~.2% 5x1017

Table 1.  Multiplier properties

While all details are not known, the overall ×24 efficiency is a maximum of 7 x
10-6.  Because of the underdriven last stage, this would increase by a factor of ~3 at
higher drive power, if the first two stages are operated in a power combined mode (two
doublers in parallel with output combining).  It is clear that the output power will not
exceed ~10 µW with the present limitations.  With this method of operation there is
potential for ~1 µW output power above 2 THz with present technology, and in fact the
required devices have been made as part of the same diode wafers used in this work.

Conclusions

A complete solid state source has been built for 1.8 THz using a net ×24
multiplication, driven by a power amplifier.  While tuning with good power is not
continuous, there are a sufficient number of higher power points to indicate that a source
with >200 GHz bandwidth and >1 µW output is practical.  It is likely that power
combining will be needed for the first one or two stages in order to get sufficient power
over the full band, but this is not inherently difficult, given the present state of planar
technology.  It appears that at least somewhat higher frequencies are feasible using the
same approach.
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ABSTRACT 

This paper summarizes the development of W Band amplifiers for the Local 
Oscillator (LO) chains for the Herschel HIFI (Heterodyne Instrument for Far Infrared) 
Instrument.  Key amplifier development issues and their solutions are presented, which 
have been applied on the way to realizing stable, wide-band amplifiers capable of 
producing 240 mW or greater RF power output across the 71 to 106 GHz frequency range.  
Development challenges addressed include:  MMIC chip designs which initially had a 
variety of oscillation or “moding” propensities (mostly out-of-band), signal splitter and 
combiner development, matching of chip characteristics., power output control and 
leveling.    The chosen design solutions  are presented, including  device, component and 
material selection for amplifier operation at cryogenic temperatures.  Both room 
temperature and cryogenic (120 Kelvin) data is presented.

 Keywords:  GaAs, MMIC,  mm-wave, W Band Amplifiers, Local Oscillator, Heterodyne 
Receiver, Herschel Space Observatory , radiometer  

1.  INTRODUCTION AND HIFI INSTRUMENT OVERVIEW 

 The HIFI receivers cover the frequency range of  480 GHz to 1900 GHz in six 
bands, using low noise superheterodyne receivers having superconducting HEB (Hot 
Electron Bolometers) or SIS (Superconductor-Insulator-Superconductor) mixers operating 
at about 2 Kelvin.  These receivers, comprising the HIFI Instrument, will be the principal  
instrument of the Herschel Space Observatory.  This European Space Agency observatory 
spacecraft is to be launched in 2007 to the  L-2 Libration Point, where it will perform a 5 
year mission to conduct a variety of astrophysics observations of star forming regions in 
the Milky Way Galaxy, as well as others.   

NASA/JPL, with Northrop Grumman Space Technology(NGST,formerly TRW) as 
the principal contractor partner, is developing the amplifiers for the receiver local oscillator 
chains.  The amplifiers, cooled to an operating temperature of approximately 130K, 
amplify a 0 dBm “W” Band signal up to + 23.6 dBm, or ~240 mW.  The amplifier output is 
then coupled into a multiplier chain to produce the final LO injection signal in the range of 
480 GHz to 1900 GHz. 

This paper describes key amplifier development issues and their solutions, which 
have been applied on the way to realizing stable, wide-band amplifiers capable of 
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producing 240 mW or greater RF power output across the 71 to 106 GHz frequency range.  
The HIFI power amplifier design embodiment is based on an A-40 silicon-aluminum alloy 
package with six GaAs(Gallium Arsenide) HEMT(High Electron Mobility Transistors) 
MMIC(Monolithic Microwave Integrated Circuit) amplifier chips used in each amplifier.  
Development challenges addressed include: connector and package design to fit available 
space, MMIC chip designs which initially had a variety of oscillation or “moding” 
propensities (mostly out-of-band), signal splitter and combiner development and matching 
across the band, matching of chip characteristics for those chips installed in the parallel 
power combined arms of the amplifier, power output control  and microstrip  cavity 
moding.  The chosen solutions to produce the desired results are presented, including
device, component and material selection issues for amplifier operation at cryogenic 
temperatures.  Cryogenic (120 Kelvin)  and power output leveling performance data  is also 
shown for the amplifier. 

2. W BAND MMIC CHIP DEVELOPMENT & PROBLEM SOLUTIONS

In Figure 1 we show a two-stage, 71-84 GHz MMIC power amplifier, of similar 
type as those in Ref. [1], fabricated by NGST, using a 2 mil thick, 0.1 �m GaAs PHEMT 
process. The design topology makes use of 4-way and 8-way microstrip power combiners 
to combine the FETs. The photograph indicates the two stages and the 8-parallel FETs 
combined in Stage 2.   This type of cell is common for combining devices in parallel to 
achieve more power. 

Early versions of this chip and similar chips for the HIFI Program produced 
oscillations in Ka-Band, which could not be corrected with off-chip bypass capacitors or 
other stabilization networks. The oscillations occurred 
between 30-50 GHz  upon turn-on of the drain voltage, typically between Vd=0.8 V to 
Vd=2.4V.  The strongest oscillation observed was at 33 GHz. Since the oscillations 

     Fig. 1   Two Stage MMIC Power Amplifier Chip    
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occurred near the operating voltage of 2.5-3V and were expected to be more pronounced 
when cooled to the 120K operating temperature, we did  simulations of the amplifier chips 
in order to understand and eliminate the oscillations. The analysis we have performed on 
the MMIC designs into the nature of the oscillations is described below.   More details are 
found in Ref [2].  

Two-port small-signal simulations of the amplifier chip in Figure 1  revealed no 
anomalies between 0-150 GHz, while the in-band stability factor, K, was greater than 2 
between 60-85 GHz. In addition, the stability condition of each stage was carefully 
investigated to ensure that there was no overlap between the stability circles of one stage 
with the source mapping circles of the other stage. We then investigated two other ways to 
simulate the circuit, to cause the experimentally-verified oscillation at 33 GHz to appear in 
the simulations. 

We have performed two types of stability analysis.  We focused our simulations on 
the second stage of the chip, since experimentally it appeared to be responsible for the 33 
GHz oscillation. First, we performed a K-factor analysis using the bias lines in each stage 
of the amplifier chip as ports, as shown in Figure 2, according to Ref. [3]. The RF input and 
output of the circuit are terminated in 50 Ohms, while ports are inserted at the bias lines of 
the circuit. Port 1 is applied to the gate bias line while Port 2 is applied to the drain bias 
line.  This method is usually applied to low frequency oscillations < 2 GHz, but it is also 
applicable to higher frequencies. 

The second method we used to detect the instability in simulations was to apply a 
push-pull analysis to the second stage of the circuit, shown in Figure 3. In this method, the 
circuit is broken strategically at a point where the power is to be split into two legs, and an 
ideal transformer is inserted. The transformer serves to drive the two legs of the power 
splitter 180 degrees out of phase, thereby forcing an odd-mode condition. The transformer 
is applied at the input and output of the split circuit. Figure 3 shows the setup of the 

Fig. 3  Configuration for  push-pull analysis of 
the second  stage MMIC power amplifier.  

Fig. 2  Configuration for simulated K-factor 
analysis using the second stage bias lines as ports  
( Ref  3). 
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problem in the linear simulator, and the K-factor is calculated between the input and output 
of only stage 2.

In order to make the instability more obvious in the simulations, we enhanced the 
value of transconductance, Gm, to twice its nominal value for the simulations.  Although 
this is a relatively high value to use, such a theoretical exercise is more likely to make 
potential instabilities appear, and then correcting the circuit for large Gm values will make 
it more immune to stability problems. For HIFI, we are also planning to operate the circuit 
at cryogenic temperatures(120-130K), and we had observed an increase in Gm and circuit 
gain upon cooling.

   The two analytical methods described above revealed that the 33 GHz oscillation 
was an odd-mode oscillation occurring because the damping of the odd-mode resistors 
separating the power-combined PHEMTs was insufficient to suppress instabilities. In 
simulation, we changed the value of the resistors from 50 ohms to 10 ohms, and  moved the 
resistors closer to the PHEMTs. The simulations also indicated that a transient oscillation 
was present at 47 GHz, due to the first stage of the circuit. We made additional corrections 
to the first stage and also reduced the value of odd-mode suppression resistors to 10 ohms. 
In general, we have found that keeping the resistors very close to the  PHEMTs is critical to 
making them work to eliminate instabilities.  

The results of the simulations were applied to the MMIC circuit designs for HIFI, 
covering all the possible L.O. bands from 70-113 GHz, and several new circuit layouts 
were developed. New wafer fabrication runs were done at TRW(HPA3A & 4) and 
measurements of the  chips were performed at JPL using a spectrum analyzer to check for 
instabilities up to 50 GHz.  Whereas the original circuits exhibited 33 GHz and sometimes 
47 GHz oscillations, all of the second-generation chips were stable and the oscillations 
were successfully removed using the methods described above.  

3.  HIFI AMPLIFIER DEVELOPMENT 
Operation at cryogenic temperatures presents unique challenges for this Herschel 

HIFI application. Size, weight and power consumption also had to be addressed.  An 
aluminum chassis is attractive because of low mass and high thermal conductivity. Yet, 
owing to its high coefficient of thermal expansion, aluminum becomes a difficult choice for 
this application where a 200 degree change in temperature will be experienced.  Iron based 
alloys could have been employed to achieve a low coefficient of thermal expansion, but at 
the expense of high mass and low thermal conductivity.  For this application, A40 Al-Si 
alloy was chosen as a compromise to achieve a moderate and acceptable coefficient of 
thermal expansion, good thermal conductivity, and low  mass. 

The five Herschel HIFI LO bands that must be covered span the frequency range of 
71 to 113.5 GHz. The most obvious waveguide choice for this frequency range is WR-10, 
which has a nominal range from 75 to 110 GHz.  Although 71 and 113.5 GHz are outside 
of the traditional WR-10 waveguide band, 71 GHz is still well above the WR-10 
waveguide cutoff frequency (59 GHz), while 113.5 Ghz is below the next higher order 
propagating mode in WR-10 waveguide (118 GHz).  Since WR-10 waveguide was chosen 
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as the waveguide medium for all of the amplifier input and output ports, a common 
amplifier chassis design is used for all Herschel HIFI LO bands. 
 Figure 4 is a photograph of the Herschel HIFI W Band power amplifier.  The WR 
10 waveguide input port is visible on the chassis.  The output port is on the opposite end. 

        Fig. 4   Amplifier Photograph 

    Fig. 5   Amplifier RF Cavity 

 Figure 5 shows the RF circuitry channelized inside the amplifier housing.  
Waveguide  to microstrip transition is accomplished on the input port and on the output 
ports prior to power combining in the waveguide Magic “T” hybrid.  The dc bias circuitry 
resides below the RF cavity and is brought up to the amplifier devices with glass bead 
feedthroughs, as can be seen in Figure 5.  The six amplifier MMIC chips are clearly visible, 
along with the Wilkinson power splitter.  The substrate material used for the microstrip 
elements is 125 micron quartz. 

The TRW 0.1 micron GaAs process was chosen to achieve the required MMIC 
amplifier performance to well in excess of 100 GHz. The average Gm(transconductance)
for the process is typically 695 mS/mm with Ft and Fmax greater than 120 GHz and 200 
GHz, respectively, Ref. [4]. The Herschel HIFI LO bandwidth specification imposed a 
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limit on the device size that could be employed to achieve power at such frequencies. A 
single power device might have been able to achieve close to the required 240 milliwatts 
from the amplifier, but this would have required that the amplifier be operated at drain 
voltages that might compromise long  term reliability.  For this reason, two power devices 
are operated in parallel, at reduced drain voltages to achieve the necessary 240 milliwatts 
output to drive the L.O. multiplier chains.   

Several possible power combining approaches were examined for this application. 
These included Lange type hybrids, magic tee hybrids, branchline couplers, and Wilkinson 
and short slot hybrids.  Figure 7 shows the various approaches considered.  Figure 8 
presents the results of the amplifier splitter/combiner trade studies. 

For low loss power combining at the output of the amplifier, a waveguide magic tee 
hybrid was chosen. The magic tee hybrid provides close to full band performance. For this 
application, two tee-buttons were designed such that all five Herschel LO bands were 
addressed by use of only two magic tee designs. 

A Wilkinson style power splitter was chosen because it is best suited for a low loss 
implementation in microstrip that is compatible with interconnecting substrates within the 
amplifier chassis. The five Herschel LO bands were covered with three Wilkinson designs. 

Different combiner options that 

were considered. 

A uses a Wilkinson power splitter on 

the input and output 

B uses 90 degree phase shifter lines 

to improve return loss 

C uses a magic tee for the output 

D uses 90 degree lines to improve 

return loss 

E uses magic tees for the input and 

output

F uses 90 degree lines to improve 

return loss 

G and H consider alternate options 

with Lange couplers, and Short Slot 
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Fig. 7  Splitter/Combiner Options 
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Circuit Advantages Disadvantages 

A 1) Low Cost 
2) Allows single chip output 

1) Moderate loss (1 dB?) 
2) Output Return Loss not as 

good as "B" 
B 1) Low Cost 

2) Allows single chip output 
3) Better Return Loss than "A" 

1) More substrates needed 
2) Better return loss than "A" 

C 1) Magic tee provides good isolation 
2) Magic tee is lower loss than 

Wilkenson 

1) poorer output RL than "D" 
2) Mechanical complexity 

D 1) Magic tee provides good isolation 
2) Magic tee is lower loss than 

Wilkenson 

1) Mechanical complexity 
2) Better return loss than "C" 

E 1) Ideal for waveguide modules 
2) Magic tee provides good isolation 

1) Mechanical complexity 

F 3) Ideal for waveguide modules 
4) Magic tee provides good isolation 

1) Mechanical complexity 
2) Better return loss than "E" 

G 1) Classic broadband balanced design 
2) Good Output Return Loss 

1) Lange Coupler Loss (2 
dB?) 

2)
H 1) Broadband 90 degree Hybrid 

2) SSH works well with split block 
3) Mechanical complexity 
4) Less well characterized 

Fig. 8  Splitter/Combiner Topology Design Trades 

In-phase power combining and splitting techniques have the disadvantage that the 
resulting input and output return losses are for the most part, the same as the power-added 
gain of the devices  that are being combined. Approach D of Fig. 7, using 90 degree phase 
delay for the combined devices, partially overcomes this disadvantage. 

Consider the input Wilkinson power splitter when a 90 degree phase delay offset is 
included in one of the arms. The power is equally split, but the two signals arrive at the 
amplifier device offset by 90 degrees (at the design frequency). Reflections from the 
amplifier devices are also offset 90 degrees. On the return path, the same 90 degree phase 
delay offset is encountered and the reflected signals are 180 degrees out of phase when they 
arrive back at the power combiner. The reflected signals are then absorbed in the odd-mode 
isolation resistor, and ideally do not propagate any further. In this manner, excellent input 
and output return losses are achieved for the combined devices.  An output isolator may not 
be required in this case. 

 Because the phase shift introduced by adding physical length in the combined arms 
is actually a time delay, the actual phase shift will vary as a function of frequency. As a 
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result, it was necessary to employ three different lengths of substrate to achieve sufficiently 
close to 90 degrees across the five Herschel HIFI LO operating bands. 

4. AMPLIFIER PERFORMANCE 

Room temperature amplifier performance example 

Fig.  9 Engineering Model(EM) Amplifier 102 Room Temperature Performance 

 Figure 9 shows the room temperature performance of Engineering Model(EM) 
amplifier serial no. 102.  Greater than 23.6 dBm was achieved across the 92 to 106 GHz 
band, except for the high frequency edge of the band.  Revised PA MMIC designs will 
correct this room temperature performance deficiency at the upper band edge.

Cryogenic performance example

 Figure 10 shows the performance of EM amplifier serial # 102 at 120 Kelvin.  A 
total of 9 EM amplifiers were built and all show repeatable and stable performance at room 
temperature and when cooled to temperatures as low as 60K.

5.  POWER OUTPUT MODULATION AND CONTROL 

A major challenge to the HIFI instrument is the adjustment of the local oscillator 
power so the mixers in the focal plane unit are optimally pumped. Additionally it is very 
useful as a diagnostic to be able to under or over pump SIS mixers. The result is a local 
oscillator subsystem requirement to be able to provide +3dB above the optimal and –10dB 
below the optimal LO power  in something close to 0.5dB steps. Unfortunately no one 
knows what pump level the mixers really need or what the final in-flight or even in-lab 
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coupling will be. As a result, power output control flexibility over at least 15 dB is 
desirable in the local oscillator subsystem, as is extra power margin capability.   

The power amplifier control unit(power supply) has the ability to adjust the 
amplifier drain voltage over 0V to +3.4 V in 210 steps.  The amplifier control module also 
has gate control with –4V to +2V adjustment in a nearly arbitrary 216 steps. The output 
amplifiers are operated in saturation, so controlling the drain voltage changes the output 
voltage swing.   With two additional wafer iterations and many MMIC design 
modifications, it has now been confirmed that the amplifier MMICs do not oscillate on chip 
under any bias condition that has been imposed.  As a result, it was possible starting with 
the later EM amplifiers, to experiment using the drain bias to control the output power.

Figure 10 shows the 120K power vs output drain bias from less than 1V to more 
than 2.5V for S/N 102.  All the other parameters (gates, input drains, RF level) were kept 
constant. From Figure 10, it can be shown that the output power increases slowly with turn 
on, then rapidly between 1.3 and 2.3V, and then saturates between 2.3 and 2.95V. We have 
found that the best power output, when at 120K, occurs at 3.1 (+/-0.1) V, however, long 
term operation at this high drain voltage may create a reliability liability, especially at high 
levels of RF input power. 
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Fig. 10  S/N 102 power vs output drain voltage at 120K with +0dBm input 

In order for the output power adjustment to function as desired, the power change 
with bias step needs to be evaluated. The bias supply can step in 3.3 mV steps, which 
correspond to approximately 60 steps between curves in Figure 12. The fastest change in 
output power is near 1.7 Volts, with S/N102 at 97 GHz between 1.45 and 1.65V. being the 
limiting case. This was 14.15 to 18.40 dBm or 4.25dB, which translates into a 0.072dB 
maximum step (if exponential). This is one order of magnitude finer than the 0.5dB 
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adjustability needed by the  HIFI system. A more typical case is the 79 GHz points between 
2.5 and 2.7V, where the power changes from 24.04 dBm to 24.62dBm.  This is 0.58dB or 
0.010dB/step(if exponential). If the step  is evaluated in milliwatts of output power, these
cases range from 0.6 to 1.0mW change per drain voltage step. 

The data shows that the power amplifiers can be used to  adjust the RF power 
output by more than 13dB by controlling one bias line(drain 2). The local oscillator control 
unit is currently designed with sufficient resolution to step the output power in steps of
0.08dB  or less per step. The variability of the power amplifier dissipation (assuming we 
need 1V to 3V to adjust the power) would be on the order of 2 Watts.

6. SUMMARY AND  CONCLUSIONS

The NASA/JPL Herschel HIFI Project, in partnership with TRW, has developed 
GaAs “W” Band power amplifier MMICs, which are stable at all frequencies(no in-band 
or out-of-band oscillations or other instabilities.  These MMIC chip designs have been 
developed in three design types or categories for use in the power amplifiers developed 
for the Herschel HIFI instrument receiver L.O. chains.   

Using these MMIC devices, multi-chip amplifiers have been developed for the HIFI 
Instrument L.O. chains.  The power amplifiers utilize six MMICs to produce up to 240 
mW(or more when operating at cryogenic temperatures)  “W” Band RF output to drive 
the LO multiplier chains. The Herschel HIFI amplifiers include single MMIC 
amplifiers, 5 chip DM amplifiers, and the 6 chip Engineering Model amplifiers 
described in this paper.   The 25 flight and flight spare amplifier deliveries are expected 
to be made to SRON(Space Research Organization, Netherlands) and ESA(European 
Space Agency) during 2003.
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Broadband Submillimeter Receiver and Source Development
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This talk will describe recent developments in broadband fixed-tuned receivers and 
sources at millimeter and submillimeter wavelengths. These components rely on a strong 
fusion between novel integrated planar diode technology and innovative broadband circuit 
topologies. Using these methods excellent performance can be achieved over full-waveguide
bands without the need for mechanical tuners or electrical bias. 

Broadband multipliers have been developed over bands ranging from WR-12 (60-90
GHz) to WR-1.2 (600-900 GHz). As an example, a WR-3.4 tripler (220-330 GHz), pictured 
below, yields efficiencies of 2-4% over the band. WR-3.4 triplers optimized for different 
input power levels have been developed, with output powers ranging from ¼ mW to 1½ mW 
for input powers from 15 mW to 50 mW. Broadband quintupler designs with efficiencies 
ranging from 0.2-0.6% have been developed. For example, a quintupler to 900 GHz has 
produced 66 uW of output power using 20 mW of input power. A quintupler to 1.6 THz is 
currently under development. 

(a)

(b)
Fig. 1: (a) Picture of WR-3.4 Tripler, (b) measured performance.

A range of broadband receivers has also been developed, with RF bands ranging from 
WR-8 (90-140 GHz) to WR-1.7 (440-660 GHz). The subharmonic mixers use an LO at half 
the RF, and also provide LO noise suppression. Measurements at 600 GHz on a WR-1.7
subharmonic mixer have yielded a mixer noise temperature of 1550 K (DSB) and a 
conversion loss of 8 dB (DSB) using only 4 mW of LO power at 300 GHz. A WR-1.2 mixer
covering the range from 600-900 GHz is currently under development. 

Balanced varactor doublers are used to drive both the broadband multipliers and the 
mixers. A 300 GHz all-solid-state chain was used as the local oscillator for the 600 GHz 
mixer measurement. This doubler chain, with an output power in excess of 5 mW, consists of 
three cascaded doublers (at 75 GHz, 150 GHz and 300 GHz) driven by a commercially 
available millimeter-wave amplifier. 

WR-3.4 (220-330 GHz) X3 Measured Performance
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Design and analysis of 500 GHz heterostructure barrier varactor
quintuplers
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Abstract
We report on the design and analysis of heterostructure barrier varactor (HBV) frequency
quintuplers with an output frequency of 500 GHz. The HBV is a symmetric varactor, thus
only odd harmonics are generated and no DC bias is required. By incorporating several
barriers in the device, the HBV is also capable of handling higher power levels than
conventional varactors. This makes the HBV superior to the traditional Schottky varactor
for high order frequency multiplier circuits. We present analytical, temperature dependent
models, which can be used to calculate parameters such as optimum doping
concentration, layer structure, device area and series resistance for HBVs, as well as to
predict the performance with respect to conversion efficiencies and output power levels.
These parameters are then further optimised by harmonic balance simulations in
commercial microwave EDA tools, for which we have developed accurate device models.
We investigate the influence of embedding impedance levels for optimum conversion
efficiency by means of analytical expressions and harmonic balance simulations.
Theoretical calculations predict a maximum diode conversion efficiency for a planar, six-
barrier InGaAs HBV of more than 30%, for an input power level of 19 dBm. A
waveguide circuit realisation of a 500 GHz HBV quintupler is presented.

1 INTRODUCTION
The heterostructure barrier varactor (HBV) [1] is a symmetric varactor consisting of a
high band gap semiconductor (barrier), surrounded by moderately doped modulation
layers of a semiconductor with a lower band gap. The barrier prevents electron transport
through the structure. See Figure 1. When an external signal is applied to the HBV,

Figure 1 Schematic views of Chalmers planar HBV diode geometry (left) and a one-barrier
HBV mesa (right).

14th International Symposium on Space Terahertz Technology

84



are accumulated at on side and depleted at the other side of the barrier, causing a
symmetric, voltage dependent capacitance. The symmetric C-V and anti-symmetric I-V
characteristics of a typical HBV is shown in Figure 2.
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Figure 2. C-V and I-V characteristics of a typical HBV (CTH-ITME-1819).

The main advantage with HBVs is the possibility to tailor the layer structure of the device
for various applications. The power handling capability can be increased by stacking
several barriers epitaxially, or by series connecting mesas. The thickness and doping
concentration of the modulation layers have a great influence on the dynamic cut-off
frequency, which determines the conversion efficiency.

2 MATERIAL OPTIMISATION

2.1Material system
HBVs are exclusively fabricated from III-V heterostructures, principally GaAs/AlGaAs
on GaAs and InGaAs/InAlAs on InP. GaAs based HBVs exhibit high breakdown
voltages but suffer from a low electron mobility and excessive leakage, which lowers the
conversion efficiency significantly [2]. State-of-the-art HBVs are fabricated using
In0.53Ga0.47As/In0.52Al0.48As on InP [3]. This system offers higher electron velocities and
the electron potential barrier is higher compared to GaAs based systems, which means
lower leakage currents and, thus, higher conversion efficiencies of frequency multipliers.

2.2Conversion efficiency
The conversion efficiency of an HBV is closely related to the dynamic cut-off frequency,
which therefore needs to be maximised. The dynamic cut-off frequency is defined as

fc =
Smax - Smin

2pRs

(1)
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where Smax and Smin are the maximum and minimum elastances, respectively, and RS is
the series resistance. The diode conversion efficiency for quintupler operation can be
approximated as

h ª
100

1+ 200 ⋅
5
3
⋅

f p

fc

Ê

Ë
Á

ˆ

¯
˜

1.5 % (2)

where f p is the pump frequency. For a typical HBV structure, the minimum elastance

can be estimated as

Smin =
N

A

b

eb

+
2s

ed

+
2LD

ed

Ê

Ë
Á

ˆ

¯
˜ (3)

where LD  is the extrinsic Debye length

LD =
kTed

q2ND

. (4)

In expressions (3) and (4),

N number of barriers;
A device area;
b barrier thickness;
s spacer layer thickness;
eb dielectric constant of the barrier material;
ed dielectric constant of the modulation layer;
k Boltzmann constant;
T device temperature;
q elementary charge;
ND doping concentration in the modulation layer.

The maximum elastance Smax during a pump cycle is determined by the drive level of the
HBV, defined as

drive =
max Q(t)( )

Qmax

(5)

where Qmax is the charge at the turn-on voltage, V j,max [4]. Optimum performance is

achieved with a maximum elastance swing, low conduction current and drive=1. Under
these conditions, the maximum elastance is limited by

14th International Symposium on Space Terahertz Technology

86



Smax =
N

A

b

eb

+
2s

ed

+
wmax

ed

Ê

Ë
Á

ˆ

¯
˜ (6)

where wmax is the maximal extension of the depletion region. For InP based HBVs, wmax

is determined by one of the following conditions:
1. depletion layer punch-through, i.e. wmax = lD where lD is the thickness of the

modulation layers;
2. large electron conduction from impact ionisation at high electric fields;
3. current saturation, i.e. the saturated electron velocity in the material determines

the maximum length an electron can travel during a quarter of a pump cycle.
For condition 2, wmax  can be calculated as

wmax =
ed Ed ,max

qND

(7)

where Ed ,max is the maximum electric field in the modulation layer at break-down. For
condition 3, wmax  can be estimated as

wmax ª
vmax

8 f p

, (8)

where vmax  is the saturated electron velocity [5].

2.2.1 Series resistance
The series resistance Rs  of a planar HBV can be estimated as

Rs = Ractive + 2Rc + 2Rcl + Rspread ,buffer (9)

where

Ractive resistance of the active layers;
Rc (ohmic) contact resistance;
Rcl resistance of the contact layers;
Rspread ,buffer buffer layer spreading resistance.

The mesa resistance is estimated by

Ractive =
N + 2( ) ⋅ lD

mDNDqA
(10)

where mD  is the low field mobility of the modulation layer. The contact resistance is

Rc =
rc

A
(11)
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where the specific contact resistance, rc , depends on the ohmic contact process used, and
can be measured by the Transfer Length Method [6]. The resistance of the contact layers
is estimated by

Rcl =
lcl

mclNclqA
(12)

where lcl , mcl and Ncl are the thickness, low field mobility and doping concentration,
respectively, of the contact layers. The buffer layer spreading resistance is the resistance
between the two mesas used in the planar geometry, and can be estimated as

Rspread ,buffer =
lbuff

mbuff Nbuff qAbuff

(13)

where lbuff and Abuff are the equivalent spreading length and area, and mbuff and Nbuff are

the low field mobility and doping concentration, respectively, of the buffer layer between
the mesas. lbuff  and Abuff  are extracted from FEM simulations performed by FEMLAB.

The low field mobility of the InGaAs contact and modulation layers as a function of
doping concentration N and temperature T is calculated using the model reported by
Sotoodeh et al. [7],

m N,T( ) = mmin +
mmax 300K( ) 300K T( )

q1 -mmin

1+
N

Nref 300K( ) T 300K( )
q 2

Ê

Ë
Á
Á

ˆ

¯
˜
˜

l , (14)

where mmin , mmax , Nref , l , q1 and q2 are fitting parameters available for several III-V

compounds.

2.2.2 Optimum doping concentration
By using expressions (3), (6) and (9), the dynamic cut-off frequency can be calculated
from (1). Figure 3 shows the cut-off frequency versus doping concentration for an InP
HBV structure with 2 to 8 barriers. In order to achieve feasible impedance levels, the area
in these calculations is chosen so that

1

2pf pCmax

=100. (15)

From Figure 3 it can be seen that the optimum doping concentration in the modulation
layers is around 1023 m-3. However, it should be emphasised that no effect due to self-
heating has been considered in the calculations for Figure 3. If too many barriers are
stacked epitaxially the device temperature will be very high, which degrades the cut-off
frequency [8]. Also, the area for each data point in Figure 3 is chosen according to (15),
which means that the area is not constant.
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Figure 3 Cut-off frequency versus modulation layer doping concentration for an InP based HBV
material with N=2 to N=8 barriers.

3 OPTIMUM IMPEDANCE LEVELS
This section investigates optimum embedding impedance levels for 500 GHz HBV
quintuplers. First, analytical expressions are used to estimate optimum impedances for a
given HBV structure, see e.g. [9]. These impedances are then optimised in Microwave
Office, using an in-house HBV model, to predict the performance in terms of conversion
efficiency and maximum voltage.

3.1Harmonic balance simulations
This section presents the results obtained from harmonic balance simulations of HBVs
for 500 GHz quintupler applications. All simulations have been carried out using
Microwave Office, for which we have developed an accurate HBV diode model. The
model is based on the following expression for the voltage across the device versus the
charge stored in the HBV [10]:

V (Q) = N
bQ

eb A
+ 2

sQ

ed A
+ Sign Q( )
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.(16)

The available input power level around 100 GHz is typically 100 mW or 20 dBm. We
assume that the input losses can be limited to 1 dB, and thus the pump power at 100 GHz
is set to 19 dBm in all following simulations.

In order to exemplify, we use the fictitious material OPT, optimised for 500 GHz
quintupler applications. The material is In0.53Ga0.47As/In0.52Al0.48As on InP. Table I
summarises the specifications for the OPT material.
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Table I. Data for the fictitious HBV batch OPT.

N b

[nm]

s

[nm]

lD

[nm]

ND

[m-3]

A

[µm2]

Rs

[W]

Cmax

[fF]

fc

[THz]

2 x 3 13 5 250 9.2⋅1022 37 10.4 13 4.3

3.2 Simulation results

Harmonic balance simulations predict a diode conversion efficiency to 500 GHz of
approximately 31% for the OPT HBVs. The device area is chosen to 37 µm2, in order to
assure that the modulation layers are fully depleted when pumped with 19 dBm of input
power at 100 GHz. Figure 4 shows the embedding impedances for maximum conversion
efficiency for OPT HBVs. The loci of the optimum impedance levels are closely related
to the device area. This means that diodes with the same area but different parameters
such as doping concentration, material system, number of barriers etc. require very
similar embedding impedances for optimum performance.

Figure 4. Optimum embedding impedances for OPT HBVs.

Figure 5 shows contour plots of the conversion loss for OPT HBVs, obtained from
harmonic load pull simulations. The maximum conversion efficiency is 31%,
corresponding to a minimum conversion loss of 5.1 dB. Each contour corresponds to an
increase in conversion loss of 1 dB. From Figure 5 it is clear that the input matching is
very crucial, whilst a non-optimum idler reflection coefficient will not have a very large
impact on the circuit performance, as long as the reactance is kept smaller than the
optimum value. An accurate impedance match at the input can be achieved by using
moveable tuners.
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Figure 5. Conversion loss contours versus (left) input and (right) idler reflection coefficient.
The minimum conversion loss is 5.1 dB and the contours correspond to an increase
in conversion loss of 1 dB.

4 WAVEGUIDE CIRCUIT QUINTUPLER REALISATION
Given the relatively high frequency of operation, it is necessary to employ some kind of
waveguide structure to realise a 500 GHz HBV quintupler. Figure 6 shows a possible
microstrip waveguide circuit realisation, highly suitable for monolithic integration, where
the HBV is embedded along with parts of the matching network on a common substrate.
This design is based on the HBV tripler design reported by Olsen et al. [11]. The fifth and
idler impedances are realised using microstrip components, whilst the fundamental
frequency is matched using tuners in the input waveguide. It is also possible to use a
backshort in the output waveguide to further adjust the embedding impedance levels.
However, the aim is that the final version of this circuit shall be fixed tuned at the output.
The microstrip circuit is placed in a narrow channel between the input and output
waveguides. Beam leads are used to attach the circuit to the waveguide block. A
membrane technique with a very thin supporting substrate, e.g. BCB, can be employed to
realise this topology. The whole circuit will thus be positioned in air, and the medium
will then support a more pure TEM-mode compared to the microstrip mode.

The standard type Archer waveguide has a reduced height across the diode, but this
design uses a standard height waveguide. This makes the waveguide block very flexible,
as only the microstrip circuit needs to be replaced when different designs are to be tested.
A drawback with this approach is that the planar circuit elements exhibit higher losses
compared to traditional waveguide elements.
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Figure 6. A possible microstrip/waveguide realisation of a 500 GHz HBV quintupler.

Figure 7 shows the simulated performance of an ideal element version of the quintupler
circuit in Figure 6, when an OPT HBV is employed. The input power is 19 dBm at 100
GHz. The 3-dB bandwidth is approximately 5% and the conversion efficiency, as
expected, 31%.

Figure 7. Simulated output power and conversion efficiency for an ideal element version of the
circuit in Figure 6. The input power is 19 dBm, and an OPT HBV is used.
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Conclusions
We have presented methods for the design and analysis of HBV frequency quintuplers
with an output frequency of 500 GHz. HBVs were optimised using analytical,
temperature dependent models. Optimum embedding impedances and estimated circuit
performance were obtained from harmonic balance simulations in Microwave Office, for
which HBV models have been developed. Finally, a possible microstrip/waveguide
circuit realisation has been presented. An ideal element version of this circuit exhibits a
maximum conversion efficiency of approximately 31% with a 3-dB bandwidth of 5%.
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ABSTRACT 

JPL continues to develop robust planar, all solid-state sources to cover the 1414 to 1908 GHz 
band.  These sources will be used as local oscillators to drive hot electron bolometer (HEB) 
heterodyne mixers on the Herschel Space Observatory to observe high-resolution spectra in the 
interstellar medium such as the N+ and C+ fine structure lines at 1461 and 1901 GHz, water 
lines at 1661, 1670, and 1717 GHz, and OH lines from 1834 to 1838 GHz.  We report our 
current progress and present recent results. Results include a 175 K measurement of 88 mW at 

1544 GHz and a room temperature measurement of 1 mW output power at 1810 GHz. 

I. INTRODUCTION 

The Herschel Space Observatory is a 3.5 meter diameter passively-cooled telescope scheduled to 
launch in 2007.  Its three science instruments (PACS, SPIRE, and HIFI) will observe the cosmos 
from 450 to 5000 GHz (60 – 670 mm) [1].  Band 6 of the Heterodyne Instrument for the Far-
Infrared (HIFI) [2] is a heterodyne spectrometer to cover 1414 to 1908 GHz.  Table 1 provides a 
brief summary of the four local oscillator chains that will be required to pump HEB mixers to 
cover this band.  The design operating temperature of the local oscillators is 120 K. 

When the development of heterodyne receivers for the Herschel Space Observatory was 
initiated, state-of-the-art submillimeter sources typically consisted of cascaded whisker-
contacted Schottky-diode frequency multipliers driven by phase-locked Gunn oscillators [3,4].  
Frequency tuning was achieved with mechanical tuners, and multipliers were mechanically 
fragile.  Above about 900 GHz, the available power was too low to pump a mixer, and so 
compact solid-state sources gave way to massive FIR lasers, where changing frequencies implies 
changing the gas in the laser, and frequencies produced must be chosen from a finite list of 
available laser lines.  The goal of the effort described here is to produce mechanically robust, low 
volume, low mass, solid-state sources to pump heterodyne mixers from 1414 to 1908 GHz.  
Furthermore, these sources must be electronically tunable over at least 140 GHz of bandwidth, 
and must be suitable for high-reliability space applications. 
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Band Chain Output Frequency Goal Output Power 

6a 1414 – 1584 GHz 2.1 mW
Band 6 Low 

6b 1472 – 1696 GHz 2.1 mW

6c 1704 – 1908 GHz 2.1 mW
Band 6 High 

6d 1704 – 1908 GHz 2.1 mW

Table 1.  Requirements and nomenclature for the four local oscillator chains comprising band 6 
of the HIFI instrument for HERSCHEL.  The operating temperature is 120 K. 

II. IMPLEMENTATION 

The requirements given in Table1 will be implemented by multiplying high-power W-band 
sources by three or four cascaded frequency multipliers.  Table 2 shows three available power 
amplifier bands [5] and all configurations under consideration to multiply these bands up to the 
required output frequencies.  Note that while the 6a and 6b chain configurations are fixed, there 
are several configurations under consideration to reach band 6 high. 

All multiplier devices with output frequencies below 1 THz are based on the JPL substrateless 
process [6-8] in which the GaAs substrate under the integrated circuit is etched away to 
maximize conversion efficiency.  The final, highest-frequency multipliers are based on the JPL 
membrane process [8,9], in which the circuit is fabricated on a 3 mm thick GaAs membrane.  
Figure 1 shows a membrane-based 1500 GHz balanced doubler with the device sitting inside the 
split waveguide block.  A photo of the assembled multiplier chain along with the W-band power 
amplifier is shown in Figure 2.  All multipliers employ balanced, multi-diode configurations to 
achieve high efficiency, high power, and broad bandwidth (approximately 8 to 13%) without any 
mechanical tuning.  Low-loss waveguide matching circuits further contribute to the efficiency of 
these designs. 

Power Amp 
71 – 79.5 GHz 

230 mW 

88 – 99.5 GHz 

230 mW 

92 – 106 GHz 

230 mW 

x2x2x2x2
1408 – 1592 GHz 

Chain 6a 
1472 – 1696 GHz 

Chain 6b 

x2x3x3
1656 – 1908 GHz 

Band 6 high 

x2x2x3x2
1704 – 1908 GHz 

Band 6 high 

x2x2x2x3
1704 – 1908 GHz 

Band 6 high 

Table 2.  Possible configurations for band 6.  The three columns represent available power 
amplifier bands, while the four rows show possible configurations of frequency doublers and 
triplers.  Note that there are three different possibilities for band 6 high. 
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Figure 1. A 1500 GHz balanced doubler.  The input signal at 750 GHz enters through a 
waveguide tuning circuit from the left.  Two Schottky diodes are located in the input waveguide, 
with cathodes grounded by beam leads.  The 1500 GHz output signal is launched into the output 
waveguide at the bottom of the picture toward an integrated diagonal horn.  DC bias for the 
diodes is brought in from the right. 

Figure 2.  A 1500 GHz development local oscillator.  From left to right:  the 94 GHz input 
signal is amplified by a four-stage power-combined power amplifier, passes through a length of 
rectangular waveguide, and is multiplied up to 1500 GHz by four cascaded frequency doubler 
modules.  The last multiplier includes an integrated diagonal horn, launching a Gaussian beam to 
the right.  Note the absence of mechanical tuners:  this source is electronically tunable over more 
than 100 GHz of bandwidth.  Total length is about 20 cm.
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III. RESULTS 

Table 3 lists a summary of typical measured efficiencies and output powers for the multipliers 
being developed at JPL for the HIFI band 6 local oscillators.  It should be noted that the 
measurement uncertainty ranges from less than 1 dB at the lowest frequencies and highest 
powers to about 3 dB for the highest-frequency measurements. 

Figure 3 shows preliminary measurements of a 1500 GHz source.  The W-band drive power into 
the first frequency doubler was 150 mW.  The first two multiplier stages (200 and 400 GHz 
doublers) were originally developed for HIFI band 5 [6,7,10], the third stage 800 GHz doubler 
was a prototype for the 6b chain, and the final multiplier is the flight-model 1500 GHz doubler 
for the 6a chain.  Although the frequency ranges of the stages are not optimally matched (low 
frequency performance should be improved by using all chain 6a multipliers) and none of the 
measurements were made at the nominal operating temperature of 120 K (multiplier efficiency 
improves with cooling, as clearly demonstrated in the figure), this chain is still able to meet the 
required output power over at least 120 GHz of bandwidth.  The power needed to optimally 
pump an HEB mixer in this band has been experimentally demonstrated to be about 1 mW [11].  
To improve the long-term stability of this chain, the excess power across the band will be traded 
for increased lifetime by running at lower W-band input power, reduced diode current densities, 
and more conservative bias voltages.  A more detailed look at this chain will be given in [12]. 

Output Frequency Multiple Intended Use 
Typical

Efficiency

Typical

Power 

176 – 199 GHz 2 Chain 6a, stage 1 30% 40 mW 
352 – 398 GHz 2 Chain 6a, stage 2 20% 8 mW 
704 – 796 GHz 2 Chain 6a, stage 3 Untested 

1408 – 1592 GHz 2 Chain 6a, stage 4 2% 30 mW

184 – 212 GHz 2 
Chain 6b, stage 1 

Band 6 high, stage 1 
30% 40 mW 

368 – 424 GHz 2 Chain 6b, stage 2 Untested 
736 – 848 GHz 2 Chain 6b, stage 3 15% 1 mW 

1472 – 1696 GHz 2 Chain 6b, stage 4 Untested 
552 – 636 GHz 3 Band 6 high, stage 2 Untested 

1704 – 1908 GHz 3 Band 6 high, stage 3 or 4 0.02% 1 mW

152 – 159 GHz 2 Band 6 high, stage 1 Untested 
304 – 318 GHz 2 Band 6 high, stage 2 Untested 
608 – 636 GHz 2 Band 6 high, stage 3 Untested 

1704 – 1908 GHz 2 Band 6 high, stage 4 Untested 

Table 3.  Multipliers being actively developed for band 6.  Typical efficiencies and powers 
represent peak values for room temperature measurements, or values with several percent 
bandwidth at 120 K.  Best measured peak powers at 120 K are about a factor of two higher in all 
cases except the 1704 – 1908 GHz tripler, which has only been tested at room temperature. 
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Figure 3.  Output power as measured from a chain nearly identical to that shown in Figure 2.
The W-band drive power into the first frequency doubler was 150 mW.  The two measured 
multipliers use the exact same device geometry.  Differences in the measured performance at 
room temperature are probably due to variations in fabrication and assembly, and coincidentally 
are representative of the overall measurement accuracy.  The required power shown is the 
2.1 mW specification for Herschel. 

Implementing solid-state sources to cover the 1700 to 1900 GHz band is substantially more 
difficult than for the 1400 to 1700 GHz band.  Not only do Schottky diode multipliers become 
less efficient at higher frequency, but also frequencies above 1700 GHz cannot be reached from 
currently available power amplifier bands with four cascaded frequency doublers.  Therefore, at 
least one multiplier must be a tripler.  Since the most difficult multiplier to design and build for 
this chain is the highest frequency stage, a tripler covering the 1700 to 1900 GHz range was 
designed and fabricated even before a solid-state 600 GHz driver chain was complete.  Several 
triplers were assembled with devices of varying anode sizes, and were tested with a high-power 
600 GHz backward-wave oscillator (BWO) at the University of Cologne.  Figure 4 shows 
frequency sweeps of 3 different devices with 3 mW of input power, and Figure 5 shows the 
relation of output power to input power.  All of these results were measured at room temperature, 
and it is expected that the performance will improve upon cooling.  Based on these preliminary 
results, to obtain power levels that are sufficient for pumping HEB mixers in this frequency 
range, very high input power will be required.  However, the devices used for these tests have 
anodes that are not perfectly formed, leading to high parasitic shunting capacitance.  Moreover, 
there is significant uncertainty in the optical coupling between the BWO and the tripler, and the 
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tripler and the power meter.  We believe that drive stages for this multiplier will have enough 
power to sufficiently drive this multiplier in the final implementation.  A detailed description of 
this tripler will be given in [13].   

IV. CONCLUSIONS 

Mechanically robust, broadband, electronically tunable, lightweight, compact terahertz sources 
suitable for pumping heterodyne mixers for space applications have been developed and 
demonstrated.  In particular, 88 mW of peak RF power were measured at 1544 GHz and 175 K.
This represents a substantial improvement in capability for deploying THz heterodyne receivers.
The high power available and convenient electronic tunability also open up possibilities of a host 
of other applications.  The next challenge is to produce LO sources with sufficient efficiency and 
reliability to meet flight hardware requirements in the 1700 – 1900 GHz range. 
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Figure 4.  Measured frequency response of 1800 GHz tripler with approximately 3 mW input 
power at room temperature for devices with three different anode sizes. 
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ABSTRACT 

      We are developing HgCdTe photoconductive detectors for use as heterodyne mixers 
in the 3-15 THz band ( =20-100 m). These planar devices have the potential for a high 
quantum efficiency  > 0.1, a fast time response  < 50 ps,  a relatively low LO power 
requirement of PLO = 10-50 W, and an operating temperature of 10-30 K. The required 
thickness of the intrinsic material is < 10 m, and so devices can be readily fabricated in 
array formats with planar deposition techniques.

     We are using molecular-beam-epitaxy (MBE) to fabricate two types of devices for 
applications initially between 5-15 THz ( =20-60 m). The first device is the well-
known Hg1-xCdxTe alloy, while the second is a HgTe/HgCdTe superlattice (SL) grown on 
either CdTe/Si or CdZnTe (112)B substrates. The bandgap of the alloy is varied by 
adjusting the mole fraction x of CdTe in the range of x = 0.17-0.22, whereas the gap of 
the SL depends almost entirely on the thickness of the HgTe well layers interleaved 
between high-gap HgCdTe barriers.

     The mixers are fabricated in series of three- and six-element linear arrays. The 
electrical contacts are deposited on the top surface as interdigitated electrodes (IDE).  In 
the initial test arrays, either 4-, 6-, or 8- electrode fingers of 4 m width span the active 
200 m width of the mixer. A trade-off between response speed and mixer impedance is 
made by adjusting the interelectrode separation. Signal and local oscillator (LO) beams 
are coupled to the photomixer optically. Typically the mixer size is 3-4  across, so no 
separate antenna is required. 

1. Introduction

     There are 3 planar technologies currently available for fabricating photoconductors for 
far-infrared applications. The first is an extension of extrinsic detector technology, but 
with doping densities 100 times higher.   Ge can be doped with Ga at densities of 1016

cm-3, in a manner analogous to highly doped As:Si detectors. At such densities, the 
detector has an absorption strength of 100 cm-1, and so devices only 10 m thick should 
have good quantum efficiencies. Conduction in the impurity band is blocked by an 
undoped layer, and hence these devices are called impurity-blocked-conduction (IBC) or 
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blocked-impurity-band (BIB) detectors. This technology appears most promising for the 
70-200 m band, but the devices will need cooling to T  2 K [1]. Unfortunately, 
inherent difficulties in handling high purity Ge compounds have made Ge-IBC devices 
hard to make.  

     The second planar technology involves the creation of quantum-well structures in    
III-V materials such as InAs/GaSb and others [2,3]. The quantum well devices will have 
absorption strengths of 100 cm-1 in the 10-70 m band, and a relaxed cooling requirement 
of about 10 K. Theoretically, one could also make zero-band-gap III-V alloys (e.g.,
InTlP, InTlAs, or InTlSb), but these materials have been difficult to fabricate epitaxially.  

     The third approach is the one favored here. It involves the II-VI group materials HgTe 
and CdTe, which can be used effectively in either zero-gap alloys or multiple-quantum-
well (superlattice) structures [4]. Intrinsic HgTe/CdTe detectors, like extrinsic IBC 
devices, have minimal volumes, and hence higher radiation resistance compared to much 
larger extrinsic detectors with low doping. Most near-IR arrays are currently made with 
HgCdTe alloys, and in fact over 108 pixels have already been delivered by industry. This 
major investment by the industrial sector favors II-VI materials for either large-scale or 
mass-produced FIR arrays, should the technology prove applicable. Our goal is to 
demonstrate that II-VI technology is indeed applicable, initially between = 40-65 m, 
and later longward to =100 m.  

     Our FIR project has 3 goals: (1) to fabricate high quality superlattice (SL) materials, 
(2) to fabricate discrete photoconductors and photodiodes from this material, and (3) to 
fabricate small linear arrays leading up to a 32 32 element direct-detection array. The 
array work will not be discussed further, but instead we will concentrate here on using 
discrete photoconductive devices as FIR heterodyne mixers. Some designs for such 
mixers were presented previously [5,6]. Now, two years later, we have successfully 
fabricated good quality SL materials and have made operating photoconductors and 
photodiodes for mid-infrared wavelengths. In fact, the new photodiodes are probably the 
first p-n junctions ever made in a II-VI superlattice material. While initial measurements 
are encouraging, further improvements in materials and device processing are needed 
before a FIR photoconductive mixer can be demonstrated.  

2.   Materials – Bandgap Engineering 

     Two approaches are available for fabricating II-VI materials with the 10-20 meV 
bandgaps needed for  = 50-100 m applications. The first is the well-known alloy 
approach in which the bandgap is tailored by varying the mole fraction x of CdTe in a 
HgCdTe alloy. This is the method used to fabricate all HgCdTe arrays to date, but none 
so far at FIR wavelengths. The second approach relies on the creation of a multiple 
quantum well structure called a superlattice (SL), in which HgTe (well) layers and CdTe 
(barrier) layers are alternated repeatedly. The bandgap of this composite structure is set 
primarily by the thickness of the well layer (HgTe).  Absorption coefficients  > 1000 
cm-1 are predicted for SL materials at FIR wavelengths, and so a superlattice thickness of 
5 m should yield a 40% quantum efficiency (single pass).
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2.1  Hg1-xCdxTe Alloys

     At 77 K, the band gap of the semimetal HgTe is –0.26 eV, and that of the 
semiconductor CdTe is 1.6 eV. These materials can be alloyed using various Cd fractions 
x to tune the bandgap Eg(eV) of Hg1-xCdxTe to intermediate values (including zero) [7].

     Figure 1 shows the cut-off wavelength, defined as c( m)=1.24/Eg(eV), as a function 
of temperature for various fractional compositions x . It is evident that by choosing x

between 0.16 and 0.17, a wide range of cut-off wavelengths in the FIR can be obtained. 
For the approximate 0.01 eV band gap needed for =100 m response, x would be close 
to 0.17. As the band gap approaches zero, small fractional changes in x lead to large 
fractional changes in the gap energy, and generally we need to control x to within 0.2% to 
have a 10% uncertainty in c. It should be apparent that compositional gradients could 
lead to variations in the gap and thus a non-uniform response across an array detector. 
Nevertheless, we believe that by using molecular-beam-epitaxy (MBE), adequate 
composition control is available. As a test of this control, we successfully fabricated n-
type alloy material with x=0.165 on silicon substrates. 

2.2  HgTe/CdTe Superlattices 

     A superlattice (SL) is a composite semiconductor consisting of a large number of 
alternating well and barrier layers – hence multiple quantum wells. HgTe/CdTe SLs form 
a new class called type-III SLs, because of the unique combination of a negative bandgap 
semimetal (HgTe) and a positive bandgap semiconductor CdTe. These layers are 
sequentially deposited on a CdZnSe or a CdTe/Si substrate to yield unstrained and 
strained-layer SLs, respectively (each has its uses). Figure 2 (a) shows a schematic cross-

Figure 1: The cut-off wavelength is plotted 
against operating temperature for various Cd 
fractions x.
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sectional view of the SL structure deposited by precision MBE techniques. The overall 
thickness of the SL in the growth direction is typically 3-5 m (about 200 layer pairs) to 
allow adequate absorption. The thicknesses of the individual layers, however, determine 
the optical properties. The lateral dimensions of the SL should appear to be at least , so 
that simple optical coupling can be used.  (Note that Fig. 2 (a) is not to scale.)  Figure 2 
(b) shows the magnified cross-section of a superlattice made in 2001 at the UIC 
Microphysics Laboratory that shows excellent layer definition. (Dark spots are HgTe 
smearing likely caused by the sectioning process.)

For detectors, superlattices have a number of advantages over alloy semiconductors: 

(a) the bandgap is easier to control because it depends on  layer thickness rather than 
composition,   

(b) the large effective masses of electrons and holes in the growth direction lead to an 
order of magnitude (or more) reduction in tunneling currents, 

(c) carrier degeneracy effects (conduction band filling) near the long-   band edge  are 
less significant, and 

(d) a superlattice can suppress Auger recombination  by intentionally inducing strain. 

2.3  SL Design 

     The required thicknesses for the well (dw) and barrier (db) layers of a SL are 
determined from band structure calculations, but can be summarized as follows. The 
band gap of a HgTe/CdTe superlattice depends almost entirely on the HgTe well 
thickness (dw), because the barrier height of the semiconductor CdTe (or that of the 
Hg0.05Cd0.95Te actually used), is much greater than the well depth of the semi-metal 
HgTe. Typically a barrier thickness of 50 Å is used in order to allow “perpendicular” 

Figure 2 (a)  - Schematic SL   Figure 2 (b) - Actual SL 
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charge transport, while maintaining a sufficiently large difference in the parallel and 
perpendicular effective masses. For temperatures T< 40 K, when dw is < 62 Å, the SL is a 
semiconductor with a normal band structure with the E1 subband > H1 subband. At 
approximately 62 Å the band gap Eg reduces to zero, and when dw > 62 Å, the band 
structure is inverted (i.e., the H1 subband is now the conduction band). Absorption 
coefficients for the regular and inverted regions of the same gap are approximately the 
same. Noteworthy is the very weak dependence of Eg on the HgTe width, especially in 
the inverted gap region. Another interesting result is that whereas Eg for fixed dw

decreases with cooling in the normal bandgap region, it increases with cooling in the 
inverted region.  Figures 3 illustrates this behavior graphically. Although we are 
interested in only the lowest subbands, which determine the long wavelength properties 
of the SL material, the higher order subbands (such as the L1-E1, etc.) dictate the optical 
properties at shorter wavelengths. This is quite convenient, because we can use readily 
available instrumentation at near- and mid-IR wavelengths to evaluate material properties 
relative to theoretical predictions. The material does not even need to be cooled. Full 
details on the band structure calculations may be found in C. Becker et al [8]. 

3.13.  Material Evaluation

2.4  SL – Fabrication and Testing 

 The thickness required for the SL stack depends on the absorption coefficient of the 
material. Theoretical predictions, confirmed by FTIR absorption measurements at least in 
the mid-IR around 3-10 m, indicate that the absorption coefficient at the H1-E1 band-
edge is ~ 3000 cm-1 for c = 45 m SL material. A total SL thickness of 3 m would 
therefore suffice for near unity internal quantum efficiency (compared to a thickness >10 

m for a corresponding HgCdTe alloy). The calculations predict that the inverted band 

Figure 3 - Cutoff wavelength as a 
function of HgTe layer thickness.
Inverted gap transitions are indicated by 
curves of negative slope. Vertical lines
show thickness for zero gap at indicated 
temperature (from C. Becker et al. [8])
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region should have somewhat higher absorption than the normal band, although this point 
has yet to be verified experimentally. 

     A number of SL films were grown with various well depths to test the theoretical 
predictions for cut-off wavelength. To start we fabricated films for the mid-IR, because 
the wavelength response in the  = 3-20 m region is easy to measure with an available 
spectrometer. All the SL films grown at UIC are well characterized [9,10,11]. Crystal 
quality during growth is monitored through in situ spectroscopic ellipsometry and 
RHEED pattern techniques. The mechanical properties of the films are further 
investigated by x-ray diffraction and TEM measurements. Carrier mobility and 
concentration are measured by the Hall effect, while optical characteristics are 
determined by FTIR absorption and photoresponse spectra. The as-grown SL films 
usually have excellent mobilities around 3 104 cm2/V s to 1 105 cm2/V s at T = 40K, 
with the lower gap films having the higher mobility (as expected). All the SL material 
discussed here was grown n-type by introducing indium donors during the MBE growth 
process.

     Finally, we should emphasize that two key tasks were accomplished regarding MBE 
growth of SL-based device structures. The first is the growth of multi-layer device 
structures with the SL-layers sandwiched between appropriately doped alloy layers with 
many graded hetero-interfaces. The structures were band-gap engineered to achieve good 
transport properties in the growth direction while suppressing tunneling currents. The 
second is the successful growth of SL structures on CdTe/Si substrates as well as lattice-
matched CdZnTe substrates. MBE growth on CdTe/Si leads to a strained-layer SL that 
may be useful for suppressing Auger recombination. 

3.   Devices 

3.1   Photoconductors

     Once good quality SL films have been deposited, the easiest device to fabricate is the 
simple photoconductor (PC). Our first devices used conventional side contacts as shown 
in Figure 4a.  Later an easier approach was adopted with top-surface interdigitated
electrodes (IDE) as shown for three different electrode spacings in Figure 4b. The short 
inter-electrode spacing of the IDE devices leads to a fast transit time for carriers, and 
hence the broadest possible IF bandwidth when the device is used as a photomixer.  
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Figure 4 - (a) Standard SL photoconductor (PC) with side contacts. (b) Three IDE style 
PC detectors with different electrode spacings. Active area per element is 200 m  200 

m less regions blocked by electrodes. The light regions are electrode metalizations. 

      Figure 5 shows representative photoresponse spectra from two different SL materials. 
The peak intensity is defined by p, while the –3 dB intensity is given by the cutoff 
wavelength c on the long wavelength side. Spectra were measured at T=77 K using a 
Nicolet 870 FTIR which works out to = 25 m. The long wavelength limit of the FTIR 
will be upgraded to = 500 m in the near future. As mentioned above, for our initial SL 
experiments it is much easier to work with wide bandgap materials, whose optical 
properties can be verified with standard mid-IR instrumentation. After we are certain that 
fabricated devices match theoretical predictions, we can be more confident in designing 
subsequent SL devices optimized for FIR wavelengths. 
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Figure 5 - (a) The 77 K relative spectral response of a 40 m x 40 m device from 
SL2115 (dw=30 Å,db=26 Å) with c=3.8 m and (b) that of a 580 m x 580 m device 
from SL2118 (dw=45 Å,db=25 Å) with c=7.4 m.
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3.2  Photodiodes 

3.2.1  Standard process: p-type doping with As 

     Another device topology for photomixers is the reversed-biased photodiode (PD). The 
high field in the depletion region together with the short electrode spacing leads to a fast 
response time and high IF bandwidth. However, as the bandgap of the material is reduced 
toward zero, we must increasingly be concerned with tunneling currents. It remains to be 
seen whether PC or PD devices will prove superior as FIR mixers. The alloy and 
superlattice materials described above can be processed into photodiodes by the addition 
of a p-type layer onto the n-type material. The method currently favored for p-on-n in 
alloys is As-doping via ion implantation, although in situ As-doping during MBE 
material growth has also been used. Arsenic is favored here because of its relatively low 
thermal diffusion constant in HgCdTe. However, the As must be “activated” to occupy a 
Te site in the lattice if it is to function as an acceptor.  This activation is readily 
accomplished by thermal annealing at T = 250-300 C for 30-180 min. Although 
annealing causes no harm to alloy material, it is problematic for a SL which is itself 
grown at lower temperatures of T=150-180 C.  To verify the deleterious effects of high 
temperatures on SL material, we ran a series of annealing experiments on samples from 
different SL batches. As expected, the 250 C anneal for 30 min caused noticeable 
interdiffusion between the SL layers, so much so that Hall mobilities dropped by a factor 
of 50 and the mid-IR absorption of the SL departed significantly from that measured for 
as-grown material. So now we must consider alternative methods for junction formation.  

3.2.2  New Process: p-type doping with Au

Acceptors can also be introduced to II-VI compounds by substituting from the Group I 
elements (e.g., Li, Au, Ag, Cu). For p-type doping these elements would substitute for Hg 
or Cd in the lattice. Au is currently favored as an acceptor in II-VI heterostructures where 
the high temperature activation required by As is unacceptable. Au has a high thermal 
diffusivity, however, which needs to be controlled for good junction formation. The 
Microphysics Lab at UIC is currently working on p-type doping with Au under the 
Collaborative Alliance Technology program supported by the Army. Some preliminary, 
though encouraging, results have just been achieved with Au-doping to yield the first p-n 
junctions in a II-VI SL material. The junctions were formed by thermal diffusion of Au 
into n-type SL material at 110 C, which is below the 180 C deposition temperature of 
the SL itself. The device structure is illustrated in Figure 6. 

Figure 6 – Schematic cross-section of 
planar SL photodiode 

14th International Symposium on Space Terahertz Technology

109



Figure 7 shows the I/V curves of a junction grown on a sample of SL material. 
Although the RoA values are far from the state of the art, they are quite encouraging for a 
first try. We believe improvements in the process technology will raise RoA and 
detectivity closer to values achieved in alloys with As-doping. Our goal is not to compete 
with alloys, however, but to extend HgCdTe technology to the FIR where alloys are 
problematic. At this point - a little more than 2 years into the project - all the first-level 
technology challenges for SL-based photodiodes have already been met. However, much 
still needs to be done to realize the full potential of the device.
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Figure 7 -  The I-V and RoA  curves at T=77K for  a  580 m x  580 m
photodiode made from material  SL-2118 with c=7.4 m (see Fig. 5b). 

     Now that we can make SL devices, we are starting to test the speed of selected mid-IR 
detectors with IDE contacts. This is done by measuring the spectrum of the G-R noise 
power, which corresponds roughly to the expected IF bandwidth. Our goal is an IF 
bandwidth exceeding 3 GHz in a FIR device. Simultaneously, we are fabricating new SL 
materials with bandgaps closer to zero, so that FIR measurements can be started.   

This work is supported by NASA Grant NAG5-10213. 
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Abstract

We present ongoing work towards the development of submillimeter wave transistors with goals of 
realizing high frequency amplifiers, voltage controlled oscillators, active multipliers, and high-speed digital 
circuits.  The approach involves fabrication of indium phosphide heterojunction bipolar transistors in a low 
parasitic transferred-substrate process, with the necessary requirements in uniformity and reliability for 
eventual space-borne applications.  Transferred Substrate Heterojunction Bipolar Transistors (TSHBTs) 
have previously demonstrated record >20 dB measured unilateral power gain at 100 GHz, and high power 
gains in the 140-220 GHz band [1].  Single-transistor amplifiers have shown 6.3 dB gain at 175 GHz [2].  
Thus far we have completed a first generation of TSHBTs with nominal emitter stripes of 1x6 m2.  S-
parameter measurements resulted in an extrapolated power gain cutoff frequency (Fmax) of 150 GHz and 
current gain cutoff frequency (Ft) of 110 GHz, at an emitter current density of 94 kA/cm2 and collector-
emitter bias voltage of 1.25V.  Future generations of TSHBTs will target improvements in speed, 
uniformity and reliability, through better semiconductor layer structure design and epitaxial material 
quality, reduction in transistor geometry size, and refinements in fabrication procedures.  

Introduction and Background 

Indium phosphide (InP) heterojunction bipolar transistors (HBTs) are one of the highest performance 
transistor technologies available.  Advantages of this technology arise from the precise control of the 
semiconductor epitaxial structure that electrons traverse through, and the material properties of the epitaxy.  
In HBTs, electrons move in the direction of epitaxial growth, as a result, the environment of the electrons at 
each region of the transistor can be more easily and accurately controlled for optimal performance within 
the narrowest spatial dimensions.  Some advantages resulting from this are that the epitaxial material for 
InP HBTs can be grown with a large bandgap emitter region to reduce injection of holes from the base into 
the emitter.  Also an alloy or doping graded base region can be grown in the epitaxy to produce a built-in 
electric field to increase electron transport speed.  Furthermore, a high voltage breakdown material such as 
InP can be grown epitaxially for the collector region so that the transistor may operate at higher voltages 
and subsequently produce higher output power amplifiers (see Figure 1).  In contrast, in other high speed 
transistor technologies, such as high electron mobility transistors (HEMTs), the electrons travel 
perpendicular to the direction of epitaxial growth, confined to particular material layers of fixed properties.  
Modifications for material properties in the direction of electron transport to improve performance can only 
be done via processes after epitaxial growth, generally with less precision and more complications.  Silicon 
Germanium HBTs, another high-speed technology, consist of semiconductor materials with lower 
breakdown voltages and are less suitable for power applications.  InP HBTs are well suited for both high 
speed and high output power operation, which are desired for our applications. 
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Figure 1: Schematic representations of an indium aluminum arsenide (InAlAs) emitter, indium gallium 

arsenide (InGaAs) base, InP collector, double heterojunction bipolar transistor (DHBT).  The large 
bandgap emitter provides a larger energy barrier for holes from injecting from the base into the emitter in 

forward active operation.  The base is alloy graded to provide a built-in electric field to speed electrons 

through the base into the collector.  The collector is made of a large bandgap material to withstand larger 

voltages before breakdown.  The energy (eV) versus position ( m) diagram is simulated using Bandprofiler 
developed by W. Frensley UT-Dallas.

Motivation 

The goal of this effort is to develop the fastest reliable transistor process beyond what is available from 
industry, and have the capability to easily add features for performance not typically allowed in foundry 
services, which have rigid design rules.  We are pursuing HBTs as they have shown thus far to have the 
highest power gain, >20 dB at 100 GHz [1] and higher power handling capability due to epitaxial 
engineering of the collector region of the transistor, in contrast to HEMTs.  We expect that HBTs will 
provide more power per unit area at higher frequencies than HEMTs, and will yield higher transistor count 
ICs due to their particular fabrication procedures.  To date, InP HBTs have demonstrated ICs with 
transistor counts approaching five thousand [3].  With the successful implementation of an ultra-high-speed 
and high-power HBT we plan to fabricate power amplifiers where they may be integrated into local 
oscillator chains for space heterodyne systems [4].  Additionally, voltage controlled oscillators can be 
fabricated to simplify local oscillator chains by reducing component count, and therefore DC power 
consumption (see Figure 2).  Ultimately we would like to have a high yield process so that we can develop 
ultra-high speed mixed-signal ICs.  Systems that we would like to utilize this technology in are for THz 
imaging systems, which are in development at JPL (see Figure 3) [5], and also future space hardware such 
as advanced autocorrelators for high-resolution remote sensing spectral analysis. 

Transferred Substrate for Improving InP HBT Performance 

The high frequency figures of merit of HBTs are the current gain cutoff frequency (Ft) and maximum 
frequency of oscillation (power gain cutoff frequency) (Fmax).  Physically, Ft can be expressed as, 

Ft = 1/(2 ec) 1/(2 ( e + b + bc + c))   (1) 
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Figure 2: Block diagram of implementations of a 1.2 THz local oscillator (LO) chain.  A baseline version 
is shown at the top.  HBTs can be inserted along the chain to increase power.  HBTs can also be used to 

produce high frequency voltage controlled oscillators to simplify LOs, reducing power consumption and 

mass.

Figure 3: Schematic of a scanned pixel terahertz imaging system under development at JPL.  HBTs are 
displayed in components where they can improve system performance. 

where, ec is the total emitter to collector delay time, e is the emitter charging time, b is the base transit 
time, bc is the base-collector junction transit time, and c is the collector charging time [6].  The power gain 
cutoff frequency can be approximated by, 

Fmax  (Ft/(8 Rb Ccb))
1/2     (2) 

where Rb is the complete base resistance from base contact to the base layer under the emitter, and Ccb is 
the full base to collector capacitance. Fmax can be more accurately calculated with Rb Ccb modeled by an 
effective time constant of a distributed network of the base-collector region [1].  Comparing the typical 
mesa HBT (Figure 4 (a)) and the Transferred Substrate HBT (TSHBT) (Figure 4 (b)), the TSHBT method 
overcomes the limitation of the base-collector overlap inherent to the mesa HBT since the collector contact 
is independently defined from the backside of the wafer.  By minimizing Ccb, Fmax is improved.  To increase 
both Ft and Fmax simultaneously, scaling in the vertical direction minimizes transit times in Ft, however this 
increases intrinsic and parasitic resistances and capacitances.  To reduce these resistances and capacitances 
to increase both Ft and Fmax the transistor must also be scaled in the horizontal direction and doped higher.  
Each of these fabrication degrees of freedom self limit each other to the point that they are allowed by 
material and equipment capabilities. 
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(a)      (b) 

Figure 4: (a) Schematic cross section of a typical mesa HBT.  (b) Schematic cross section of a TSHBT. 

Experimentally, Ft and Fmax are typically extrapolated from lower frequency measurements to the higher 
cutoff frequency values, due to the limited bandwidth of characterization setups.  Ft is determined from the 
current gain H21 and Fmax from Mason’s unilateral power gain (U), both cutoff frequencies are determined 
from the frequency value where the gain curves reach 0 dB.  H21 and U, as a function of frequency, are 
mathematically derived from S-parameter measurements over frequency.  Cutoff frequencies are typically 
extrapolated from lower frequencies with a –20db/decade gain behavior based on the single pole frequency 
response of the hybrid-pi circuit model [7,8].  Recently, studies have indicated that the simple hybrid-pi 
model may not properly fit certain HBTs operated in particular regimes [9,10].  Electron velocity 
modulation in the base-collector depletion region is suspected to be the cause of an observed reduction of 
the base-collector capacitance and of negative collector-base conductance [10].  In this report the measured 
data appears to fit the simple hybrid-pi model, so for the purpose of comparisons, Ft and Fmax are 
determined based on the standard extrapolation with a –20 db/decade trend. 

Development of Transferred Substrate InP HBTs at JPL 

At JPL we are in collaboration with UCSB and RJM Semiconductor in an effort to develop advanced high 
speed and high reliability HBT processes for implementing high frequency amplifiers, VCOs and digital 
circuits for THz imagers and spectrometers.  In the Microdevices Laboratory we recently fabricated the 
first wafer run of TSHBTs at JPL (Figure 5 (a)).  The epitaxial material used for the TSHBTs is of a single 
heterojunction InAlAs emitter, and InGaAs base and collector design.  The base is 400 Å thick carbon 
doped 5x1019 cm-3.  DC measurements of the collector current versus collector-emitter voltage for different 
base current shows maximum small signal current gain  of 36 (Figure 5 (b)). From S-parameter 
measurements we deduce maximum Ft and Fmax of 110 and 150 GHz, respectively, at an emitter current 
density of 94 kA/cm2 (Figure 5 (c)).  Through improvements in epitaxial designs, epitaxial material quality, 
and microfabrication processes, we expect to substantially improve TSHBT performance.  Future 
transistors will utilize DHBT epitaxy for higher power handling capability [11,12]. 

The present TSHBT process includes nine stepper lithography mask steps, and two electron-beam 
lithography direct writes for the emitter and collector contacts.  Important in the process is the deposition of 
a 5 m thick low dielectric Benzocyclobutene (BCB) resin that serves as an intermediate substrate 
supporting the HBTs and passive components, from the ground plane.  The integrated passive nichrome 
resistors and metal-insulator-metal capacitors provide for a full MMIC process (Figure 6).  In developing 
the TSHBT process at JPL, a large-feature-size reduced-process-step HBT process for evaluating DC 
epitaxial material quality, and an RF mesa HBT process for developing all necessary topside wafer 
processes for TSHBTs have also been implemented [13].  Table 1 summarizes RF data we have measured 
thus far from both RF mesa and TSHBT processes.    In the table the samples that are used have nominally 
the same epitaxial design.  Wafer 1, 2 and 3 used in the mesa process differ in that wafers 1 and 2 have 
nominal base doping of 4x1019 cm-3 and wafer 3 has base doping of 5x1019 cm-3.  Wafer 4, used in the 
TSHBT process is identical to wafer 3, except that there is no subcollector layer.  Comparing the cutoff 
frequency values for wafers 3 and 4, Fmax has improved in the TSHBT sample. 
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(a)      (b) 

(c)

(a)              (b) 

Figure 6: (a) Optical photo of a 200 GHz TSHBT amplifier during fabrication showing integrated TSHBT, 

resistors and capacitors.  (b) Cross section (not drawn to scale) of  transferred substrate MMIC process.

 Wafer 1, 
beryllium base, 
mesa HBT 

Wafer 2, 
carbon base, 
mesa HBT 

Wafer 3, 
carbon base, 
mesa HBT 

Wafer 4, 
carbon base, 
TSHBT 

Ft [GHz] 123 118 108 110 
Fmax  [GHz] 118 100 119 150 
Table 1: Summary of measured RF mesa HBTs and TSHBTs fabricated at JPL.  Ft and Fmax for each wafer 

sample are measured simultaneously under the same bias conditions at peak Fmax.  Mesa HBT emitter 
stripes are nominally 2x10 µm2.

Figure 5: (a) Optical photo of an InP 
TSHBT.  The emitter stripe is nominally 

1x6 µm2 and collector stripe is 2x8 µm2 (b) 

DC Ic versus Vce for different Ib of InP 

TSHBT.  Maximum small signal  is 36. 

(c) Gain plots of an InP TSHBT deduced 

from S-parameter measurements.  Ft and 

Fmax are 110 and 150 GHz, respectively at 

an emitter current density Je of 94 kA/cm2

and Vce 1.25V.
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Conclusion

We are in a collaborative effort to develop an advanced high frequency HBT MMIC fabrication process in-
house at JPL.  This technology will provide performance beyond what is available in commercial 
processes, and will enable new instruments.  In addition, with an in-house process we will have the 
flexibility to modify the process as necessary for the best possible performance, unlike foundry processes 
with rigid design rules.  In the Microdevices Laboratory at JPL we have completed the fabrication of 
TSHBTs with Ft and Fmax of 110 and 150 GHz, respectively.  In fabricating these low-parasitic HBTs, we 
also developed a standard RF mesa HBT process and a large-size DC HBT process.  In developing the RF 
mesa process, topside microfabrication procedures required in the TSHBTs are verified.  The large-size DC 
HBTs are useful in that in the minimum process steps the electrically quality of epitaxial material can be 
examined prior to utilizing them in the more demanding transferred substrate or mesa processes.  With 
improvements in epitaxial designs, epitaxial material quality, and microfabrication processes, we expect to 
substantially improve transistor performance and realize submillimeter-wave amplifiers. 
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Novel Designs for Submillimeter Subharmonic and 

Fundamental Schottky Mixers 

Erich Schlecht, John Gill, Peter Siegel, John Oswald, and Imran Mehdi 

Jet Propulsion Laboratory, M/S 168-314, 4800 Oak Grove Drive, Pasadena CA 91109 
E-mail: Erich.T.Schlecht@jpl.nasa.gov

Abstract

There is a demand for mixers operating in the submillimeter band between 300 and 1200 
GHz for observation of various atomic and molecular lines. For Earth and planetary 
observations Schottky mixers have adequate sensitivity. Additionally, they have the 
substantial advantage of working with little or no cooling below room temperature, 
although their performance does improve at lower temperatures. Near term example 
missions is a proposal for water detection observations on Mars [1], and measurements of 
middle atmosphere trace gases and gas dynamics on Venus [2]. 

To meet these requirements, new mixers have been designed to take advantage of the 
frameless membrane technology developed at JPL [3]. Two circuit topologies have been 
used for the subharmonic mixers, one based on previous submillimeter subharmonic 
mixer designs [4], and the other based on the balanced doubler configuration [5]. These 
are expected to give single sideband noise temperatures at the diode of about 2500 K, 
with conversion loss around 13 dB. Single-diode single-ended mixers will also be 
described, and they are expected to give diode SSB noise temperatures near 1000 K, 
conversion loss about 8 dB. 

[1] Report of the NASA Science Definition Team for the Mars Reconnaissance Orbiter (MRO), available 
at http://mro.larc.nasa.gov/mro/MRO_SDTreport.pdf, Feb. 2001. 

[2] Solar System Exploration Survey, Space Studies Board of the National Research Council, “New 
Frontiers in the Solar System” available at http://www.nas.edu/ssb/SSE-Survey-Report-Part-1.PDF,
July 2002. 

[3] S. Martin, B. Nakamura, A. Fung, P. Smith, J. Bruston, A. Maestrini, F. Maiwald, P. Siegel, E. 
Schlecht, and I. Mehdi, “Fabrication of 200 to 2700 GHz multiplier devices using GaAs and metal 
membranes, “ 2001 MTT-S International Microwave Symposium Digest, pp. 1641-1644. 

[4] E.R. Carlson, M.V. Schneider, and T.F. McMaster, “Subharmonically pumped millimeter-wave 
mixers,” IEEE. Trans. Microwave Theory Tech., vol MTT-26, no. 10, pp. 706-715, Oct. 1978. 

[5] E. Schlecht, G. Chattopadhyay, A. Maestrini, A. Fung, S. Martin, D. Pukala, J. Bruston, and I. Mehdi, 
“200, 400 and 800 GHz Schottky diode ‘substrateless’ multipliers: design and results”, 2001 MTT-S 

International Microwave Symposium Digest, pp. 1649-1652. 
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Design, fabrication and testing of semiconductor
tunable antenna-coupled intersubband Terahertz (TACIT) detectors

G. B. Serapiglia,1 Y. Dora,1,2 M. S. Sherwin,1,3 M. Hanson4, A. C. Gossard2,4  and W. R. McGrath5

1Institute for Quantum Engineering, Science and Technology (iQUEST),
University of California at Santa Barbara (UCSB)

2 Department of Electrical and Computer Engineering, UCSB
3Department of Physics, UCSB

4Department of Materials, UCSB
5Submillimeter-wave superconductive sensors group, Jet Propulsion Laboratory

A new type of semiconducting sensor for frequencies in the range 1-5 THz is under development
in this UCSB/JPL collaboration. The active region of the device is shown schematically in Fig.

1. THz radiation is coupled into a coplanar antenna (not
shown). The antenna is terminated by a resonant absorber
which is located between a front and a back gate. The
absorber contains an electron gas bound in a quantum well.
The Terahertz radiation is absorbed if it is resonant with
the frequency of a transition between the quantized states,
or subbands, of the quantum well. The absorbed radiation
heats up the electrons in the quantum well, changing the
resistance between a source and drain. It has been
predicted that, when TACIT sensors are operated as
heterodyne mixers, receiver noise temperatures of a few
hundred K could be achievable at operating temperatures
exceeding 20K, with <1 µW of local oscillator (LO) power
and IF bandwidths exceeding 10 GHz.1 TACIT sensors
can also be operated as fast, voltage-tunable direct
detectors for THz radiation.2

In this contribution, we report on the design, fabrication and testing of TACIT sensors. A novel
aspect of TACIT mixers is that they are four-terminal devices—the RF (THz) and IF (GHz) are
coupled through separate contacts. This provides design flexibility as well as challenge. To our
knowledge, no four-terminal THz mixers have been built. The current design is a modification
of a design which is used successfully for superconducting hot-electron bolometers, which are
two-terminal mixers. RF is coupled into twin slot dipole antennas which drive coplanar
waveguide (CPW). The center conductor of one CPW line is connected to the front gate, the
other to the back gate. The IF is coupled out on a microstrip line, which uses the same ground
plane as the twin slot antenna.  All lines are filtered to avoid RF leaking out along DC or IF lines.

Fabrication of TACIT sensors according to this design requires processing on both sides of the<1
µm thick active region. We have based our process on the Epoxy Bond and Stop-Etch (EBASE)
process developed at Sandia National Laboratories.3 Fig. 2 shows a prototype which has been
fabricated and electrically tested. In this device, the twin-slot dipole antennas, ground plane, and
filtered DC bias lines to the front and back gates, are visible through a submicron layer of GaAs.

SourceDrain

IF

THz

Front Gate  (to antenna)

Back Gate (to antenna)

Figure 1: Schematic diagram of
active region of a TACIT sensor.
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This layer is bonded by epoxy to a carrier wafer of GaAs. The gold surface metallization shows
the front gate, which is connected by a via to the center conductor of the underlying CPW line.
Also shown are the IF and DC bias lines.  All wire bonds are made to the exposed surface.

A processed device has been tested electrically by measuring source-drain current-voltage curves
at a range of temperatures from 30 to
150 K. The theory of TACIT
mixers1 predicts that the mixer noise
temperature is given by

TN=a
-1(8/[g2Te]+2Te),

where Te is the electron temperature
(assumed to be much larger than the
lattice temperature), a is the product
of RF and IF coupling efficiencies,
and g=1/R(dR/dTe), where R is the
source-drain resistance. We will
report on values of g and a T N

ex t r ac t ed f rom e lec t r i ca l
measurements using Eq. 1, and also
discuss LO power requirements
predicted based on these numbers.
We will also discuss progress
towards measurements of the NEP
of fabricated devices, operating as
direct detectors.

This work is supported by NASA under contract NAG5 10299. We gratefully acknowledge
helpful discussions with Dr. C. Cates and Dr. B. Thibeault.

1. Sherwin, M. S., Cates, C., Serapiglia, G. B., Dora, Y., Williams, J. B., Maranowski, K.,
Gossard, A. C. & McGrath, W. R., Tunable antenna-coupled intersubband terahertz (TACIT)
mixers:  the quantum limit without the quantum liquid.  Proceedings of the far-IR, submm
and mm detector technology workshop, Monterey April 1-3, 2002
(http://www.sofia.usra.edu/det_workshop/papers/manuscript_session6.html

2. Cates, C. L., Briceno, G., Sherwin, M. S., Maranowski, K. D., Campman, K. & Gossard, A.
C. A concept for a tunable antenna-coupled intersubband terahertz (TACIT) detector.
Physica E 2, 463-7 (1998).

3. Weckwerth, M. V., Simmons, J. A., Harff, N. E., Sherwin, M. E., Blount, M. A., Baca, W. E.
& Chui, H. C. Epoxy bond and stop-etch (EBASE) technique enabling backside processing
of (Al)GaAs heterostructures. Superlattices and Microstructures 20, 561-7 (1996).

Figure 2:  Photograph of prototype TACIT sensor.
The thinnest visible gold lines are 1 micron wide.
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SIR Chip for TELIS 

S.V. Shitov1,2, V.P. Koshelets1,2, P.A. Yagoubov2, L.V. Filippenko1, P.N. Dmitriev1,
O.V. Koryukin1, An.B. Ermakov1,2, and R.W.M. Hoogeveen2

1Institute of Radio Engineering and Electronics (IREE), Russian Academy of Sciences 
Moscow, Russia 

2National Institute for Space Research (SRON), the Netherlands 

 We report on first results of development a superconducting integrated receiver 
(SIR) chip for the 500-650 GHz channel of Terahertz Limb Sounder (TELIS) balloon 
project [1]. The general concept of the new device is quite similar to that used for 
superconducting integrated spectrometer presented last year at the Symposium [2]. The 
device comprises a double-dipole lens-antenna SIS-mixer pumped by an integrated 
Josephson-type phase-locked flux-flow oscillator (FFO), which provides the rf power 
also for a PLL harmonic mixer integrated on the same silicon chip of size 
4 mm x 4 mm x 0.3 mm. The experimental chips (Fig. 1) are fabricated in IREE, 
Moscow [3]. 

Fig. 1  General chip layout. 
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Fig. 2  Power split within the RF circuit of the chip for the case of external harmonic 
generator. Losses above the gap frequency are not included in the calculation. 

A few new solutions are implemented in the SIR chip making it a new generation. 
To achieve the required instantaneous bandwidth of 500-650 GHz with emphasis on 600-
650 GHz frequency range, a side-feed twin-SIS mixer with 0.8 µm2 junctions is 
implemented. The improved design of FFO is used suppressing the fine structure 
resonance phenomenon in the oscillator; the phase-lock/frequency-lock system 
eliminates industrial noise [4]. To reduce the magnetic field interference to the FFO, a 
folded control line feeder of the SIS mixer is placed opposite to the FFO, resulting in 10-3

suppression coefficient. The “Microwave Office” CAD tool is used for defining the chip 
characteristics as shown in Fig. 2 and Fig. 5. 

A few batches of devices are produced in IREE and preliminary tested in SRON 
at dc and with a Fourier transform spectrometer (FTS). The FTS test presented in Fig. 3 
demonstrates a possibility to obtain the required instantaneous bandwidth for the twin 
SIS mixer. However, we did not succeed yet in getting wide-band response for the 
single-SIS mixer as shown in Fig. 4. 

The LO pump of both SIS mixer and harmonic mixer, however, is not flat and 
drops significantly above the boundary voltage of FFO unlike it was designed (Fig. 6). 
The reason for this behavior is not completely clear yet and has to be studied with the 
next design modification. We believe this problem can be solved, since SIR with a free-
running FFO at 645 GHz has been tested successfully some time ago. A heterodyne 
experiment is under preparation.  
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Fig. 3  FTS data (red curve) along with simulated response (smooth curves) calculated 
for twin-SIS mixer (blue) and for each of two junctions of the mixer (magenta and 
brown).

Fig. 4  FTS data (black curve) along with simulated response (smooth curve) calculated 
for single-SIS mixer (blue). 
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Fig. 5  Estimated IF port reflection for SIS mixer (triangles) and for harmonic mixer 
(squares) demonstrates 4-8 GHz coupling bandwidth for signal and good match for PLL 
reference source at 12 and 20 GHz, which is connected via an integrated transformer. 

Fig. 6  IV-curves of FFO rainbow-colored by pump level of the SIS mixer. The red color 
corresponds to the sufficient pump of the SIS mixer; deep blue – no power. 
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Fig. 7  Twin-SIS mixer pumped by FFO at different frequencies (listed at the top). IV-
curves are colored for easier distinguishing.

Fig. 8  Oscillation spectrum of the FFO demonstrates Lorencian shape. 
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Conclusion

Production of chips for TELIS is started satisfactory. Reliable small-junction 
(A = 0.8 µm2, RnA = 25) SIS mixers are tested to become the main line. Twin SIS mixer 
is shown to cover entire band 500-650 GHz (and even wider). The FTS response is found 
repeatable from sample to sample. However, its flatness has yet to be improved via 
circuit design fine-tuning. The single-junction SIS mixers appeared difficult to tune for 
the wide-band operation, but they can be used as the low-power (LO) narrow-band 
option for 600-650 GHz range. The LO power coupled from FFO drops down above the 
boundary voltage. This effect is not fully understood yet. The linewidth of FFO is found 
to be of Lorencian shape that means the wide-band noise is dominating and the external 
interference is negligible. 

 The work was supported in parts by INTAS project 01-0367, ISTC project # 
2445, and the Nederlandse Organisatie voor Wetenschappelijk Onderzoek (NWO). 
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Large RF Bandwidth Waveguide to Thinfilm Microstrip 

Transitions on Suspended Membrane for use in Silicon 
Micromachined Mixer blocks at THz Frequencies

J.W. Kooi1, Christian Drouet d'Aubigny2, Chris Walker2, and Arthur W. Lichtenberger 3

1Dept. of Physics, Caltech, MS 320-47, Pasadena, Ca 91125.
2Steward Observatory, University of Arizona, 933 N. Cherry Ave.,
Tucson, AZ 85721.
3Dept. of Electrical Engineering, Thornton Hall, University of Virginia, Charlottesville, VA
22903-2442.

With the advent of broad bandwidth low noise Hot Electron Bolometer (HEB) mixers at Terahertz 
frequencies, there is a need for a large RF bandwidth (scalable) waveguide to thin-film transition. At present 
nearly all HEB receivers operating above 800 GHz are implemented in quasi-optical (twin-slot, log-periodic,
dipole) structures. This despite the fact that waveguide technology offers the prospect of higher throughput, 
better telescope coupling, and large format imaging arrays with well aligned beams on the sky.

There are several reasons for the use of open structure mixers in the THz regime. First, though there are 
many excellent fixed tuned waveguide probe designs in circulation, they nearly all are implemented in reduced 
half-height waveguide structures. Not only are these reduced height waveguides difficult and expensive to 
fabricate above 700 GHz, they also have significantly increased Ohmic loss when compared to a full height 
waveguide block at the same frequency. Secondly, even if a reduced height waveguide block at THz 
frequencies could be made, the actual device (usually mounted on a quartz substrate) becomes too small to 
handle or space qualify.  Finally, up to now it has been difficult to realize a fixed tuned low loss full-height
waveguide transition with a fractional bandwidth comparable to that of well designed quasi-optical (twin-slot)
devices.

Fortunately, we are able to overcome these obstacles with the use of thin-film microstrip radial probe 
transitions on suspended membrane in full waveguide height silicon micro-machined mixers blocks. To 
maximize the RF bandwidth and coupling efficiency we utilize photonic crystal structures to suppress leakage 
directly above and below the membrane. It is seen that this work is applicable to both single element and multi-
element array receivers. Membranes thickness is adapted to facilitate both phonon-cooled and diffusion cooled 
HEB’s. Diffusion cooled HEB’s on 1um Silicon-Nitride have been fabricated at UVa, Phonon cooled HEB 
devices on NbTiN films are expected in the very near future. Detailed HFSS simulation results of the proposed 
design are presented.

14th International Symposium on Space Terahertz Technology

127



Photon Counting vs Photon Integration at SubMM Waves

Boris S. Karasik 
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109 

Andrew V. Sergeev 
Wayne State University, Detroit, MI 48202 

Future needs of submillimeter wave astronomy include ultrasensitive detector 
arrays capable of achieving a noise equivalent power (NEP) ~ 10-20 W/Hz1/2 at 0.1 K. 
Bolometric detectors using superconducting transition-edge sensors are considered as the 
most promising technology. An alternative way to achieve an equivalent sensitivity is to 
use photon-counting devices. The photon counting in the submillimeter wave range has 
been recently demonstrated by Astafiev et al. using quantum dots. Other proposals 
include various superconducting structures potentially capable of registering single 
quantum events. Besides achieving an unparallel sensitivity, both technologies will face a 
great challenge of maintaining a sufficiently large dynamic range limited by the cosmic 
background and the instrument bandwidth. The maximum optical loading for a bolometer 
directly decreases with the sensitivity (Popt. ~ NEP2). For the photon counters, handling 
high level of background radiation translates into high counting rate that can be 
engineered in some types of the devices. The readout electronics for an N-element array 
of counters should be, however, at least N times faster in order to detect individual 
photons from each element. Since the intensity of the cosmic background varies strongly 
over the submillimeter wave range, the trade-off between the sensitivity and the dynamic 
range will depend on the wavelength.

We will present an analysis of the potential performance of promising photon 
integrating and photon counting devices for subMM wave background limited 
narrowband applications. The emphasis will be made on a comparison of the hot-electron 
superconducting direct detectors and photon counters with other technologies. 

This research was carried out by the Jet Propulsion Laboratory, California 
Institute of Technology under a contract with the National Aeronautic and Space 
Administration. The research at the Wayne State University was sponsored by a NASA 
grant.
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In se rtion  o f tw o  W R 71.4  (scale d  from W R 1.4 -band  9)
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In s e rtio n  o f 3 0 0 m m  E -p la n e  b e n d  in  W R 7 1 .4  

(s c a le d  fro m  b a n d  9 )

-1 0

-8

-6

-4

-2

0

7 0 8 0 9 0 1 0 0 1 1 0 1 2 0

F re q u e n c y  G H z

S
2

1
 d

B

Figure 12

�	������`��	��������	�����	
��
������������
�������������	����������������������������\���	���������	�������
	�����	
��
������������
������������	����������������������������\����$���
����	�����������������	��	
��
�
�����������	������������\�

In s e rtio n  o f 3 0 0  m m  H -p la n e  b e n d  in  W R 7 1 .4  

(s c a le d  fro m  b a n d  9 )

-2 0

-1 5

-1 0

-5

0

7 0 8 0 9 0 1 0 0 1 1 0 1 2 0

F re q u e n c y  G H z

S
2

1
 d

B

Figure 13

Measurements at 624-720 GHz with WR10 Components 
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Silicon Laser Micromachining for the Development of Planar

Waveguide-Based THz Structures 
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Abstract – This paper describes an approach toward the development of low cost 
terahertz components. The approach utilizes laser micromachining on a silicon substrate 
to form rectangular waveguide structures. We discuss the design and fabrication of a 600 
GHz bandpass filter employing the laser micromachining technique. We will discuss the 
measurement plan to produce the first measurement of a laser micromachined waveguide 
bandpass filter at 600 GHz.  

Introduction 

Increasing focus has been placed on the use of Terahertz (THz) frequency signals. 
Currently the frequency range is used mostly for astronomy purposes, but has great 
promise in imaging, especially in medical imaging as THz signals do not have the 
harmful effects associated with traditional X-Rays. In order to bring this technology to 
the forefront, an in-expensive and highly repeatable production of THz components needs 
to be established. While some of the components may be fabricated using traditional 
metallic waveguide or by using established etching techniques on silicon to form the 
waveguide, none offer the accuracy, versatility or potential inexpensive production as 
does the laser micromachined approach. 

Laser Machining 

Although very small metallic waveguide structures can be manufactured using 
mechanical machining techniques, they can be costly and could be difficult for mass 
production and could be come impossible to manufacture as frequency increases and the 
size of the waveguide and associated components decrease. The alternative is to use well 
developed micromachining techniques to form the needed waveguide. This approach has 
already been applied [1, 2, 3] section waveguide sizes of WR-10 and WR-4 with 
measurements reported, but these techniques are limited in the 3-dimensional shapes they 
can form. What we propose is using laser micromachining [4] as this technique is able to 
create very small features, different depths of etch and must is not constrained to any 
crystalline plane and is highly repeatable for frequencies up to ~ 10 THz. 
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The laser machining technique is based on the illumination of a silicon substrate with an 
argon-ion laser that locally heats a portion of the substrate inside a chlorine ambient. At 
the onset of melting, volatile silicon chlorides are formed and, as a result, controlled thin 
shavings can be removed plane by plane with no change in the etch rate. With this 
technique, THz waveguide structures that were extremely difficult, if not impossible, to 
fabricate with classical machining techniques can be developed. The structures can bee 
three-dimensional and of any shape with an accuracy of one micron. 

600 GHz Bandpass Filter 

Our efforts to prove the validity of this technique and approach are to initially be proven 
in the 600 GHz frequency range. This range was selected due in part for its ability to be 
measured with a network analyzer. For the bandpass filter design we elected to use a 
classic waveguide cavity filter [5] having 3 poles yielding a 15 GHz (2.5%) bandwidth. 
These simulations of these were carried out using Ansoft’s HFSS simulator. The 
waveguide size for the filter was selected to be WR-1.4 (14 by 7 mils). The simulation 
results are shown in figures 1 and 2. 

Figure 1 Simulated S-parameters of the 3 pole laser machined waveguide filter. 
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Figure 2 Simulated E-Field (left) and H-Field (right) of the 3 pole laser machined waveguide filter. 

The fabrication of the filter using the laser etching technique can potentially be done in 
two ways, the first by creating two halves or a ‘split-block’ and bond the two halves 
together, the second approach is to laser etch the entire waveguide and simply use a ‘lid’ 
style approach. We have elected to use the latter approach to avoid any alignment issues. 
The fabrication results of the filter can be seen in the SEM image from a top view 
perspective in figure 3 without the lid attached.

Figure 3 SEM picture of the 3 pole laser machined waveguide filter 

After the laser fabrication the filter was sputtered with a titanium layer followed by a 
gold layer. Additionally the ‘lid’ for the filter was sputtered with the same combination of 
metals. These two pieces were then bonded together using a Karl Suss SB6 bonding 
machine. 
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Measurement Plan/Results 

For the measurement of the 600 GHz bandpass filter, we intend to use the Network 
Analyzer at Jet Propulsion Laboratories in Pasadena, California. Specially designed 
metallic waveguide filters have been manufactured in order to select the harmonic 
content for our frequency band. The difficulties of a measurement at this frequency with 
alignment issues are compounded by the fact that we are trying to interface a waveguide 
made in silicon without flanges to a metallic interface.  In order to facilitate this interface 
a custom package will be built around the finished silicon waveguide filter. This will not 
only provide a rigid package for the filter, helping to avoid handling damage, but will 
also be outfitted with precision round flanges that will directly interface with the 
measurement system. 

Conclusions

We have discussed laser micromachining of THz components and its advantages over 
mechanically machined and traditional etched waveguides. A proposed 600 GHz 
bandpass waveguide filter was proposed for the purpose of proving the laser machining 
approach. Simulation and initial fabrication results were shown. A measurement plan has 
been proposed for demonstrating the effectiveness of this approach. 
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Abstract

We report on the design of a wideband waveguide Orthomode Transducer (OMT) 
integrated with two 900 waveguide hybrid couplers and four 16 dB branch-guide LO 
directional couplers for the 275-370 GHz frequency band. The device allows the sideband 
separation for each of two mutually orthogonal polarizations to be achieved by employing 
four fixed-tuned SIS DSB mixer-units. The central part of the system is based on a Bøifot 
type junction OMT as realized by Wollack [1], and is similar to the design discussed by 
Narayanan [2]. The proposed device takes advantage of the –3 dB splitting operated over 
one polarization of the RF input power that is delivered in the two side arms of the Bøifot 
orthomode junction by a thick septum parallel to the E-field of the considered polarization;  
the RF signals of the split polarization are added through two 16 dB branch-guide couplers 
to the signals of a Local Oscillator (LO) that enter the Bøifot orthomode junction side arms 
with a phase difference of 900. The RF and LO are applied in two fixed-tuned DSB SIS 
mixers whose IF outputs are recombined in a 4-8 GHz IF 900 quadrature hybrid, so that the 
resulting downconverted upper (USB) and lower (LSB) sideband of the considered 
polarization are separated. The LO quadrature hybrid, the 16 dB waveguide couplers, and 
the idea of assembling these elements to get a single polarization sideband separating 
receiver (2SB) are adopted from the work of Claude [3]. The RF signal of the orthogonal 
polarization passing the septum is divided using an in-phase power divider and delivered 
through side arms perpendicular to the previous. The sideband separation for this second 
polarization is realized using the same scheme as for the first polarization.
The advantage of the device is to exploit the –3 dB splitting operated over each of two 
mutually orthogonal polarizations by the waveguide OMT junction and power divider, as 
required for sideband separation, and to avoid the problem of signals recombination of 
classical waveguide OMTs. Both the OMT junction and the in-phase power splitter have 
been optimised using a 3D electromagnetic simulator. Return loss better than 16 dB, and 
transmitted power to the four side arms within 0.1 dB of the reference value at –3 dB of the 
single polarization input excitation are expected over the RF band of design.  Because of 
symmetry properties, the structure has not cross-polarization. Although the 3D structure 
looks complex, the proposed device can easily be constructed using conventional split-
block techniques with reliability and cost-effectiveness.       

I. Introduction

Most of cryogenically cooled millimeter and submillimiter wave receivers in radio 
astronomy are based on Double Side Band (DSB) SIS mixers that have noise 
performances approaching the quantum limit. In a DSB receiver the atmospheric noise 
contribution coupled in the image band during a radioastronomical measurement 
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degrades the system sensitivity for spectral line observation. Backshort-tuned Single Side 
Band (SSB) mixer that reject the image sideband, or mechanically tuned interferometer 
that provide image sideband filtering can be used to reduce the SSB system noise 
temperature, which is the figure of merit of spectroscopic observations.  
An alternative to these systems is offered by the sideband separating receiver (2SB) 
based on fixed-tuned DSB mixers. A 2SB receiver provides at its output two separated 
IFs, one containing the down-converted RF signal from the Upper Side Band (USB), the 
other from the Lower Side Band (LSB), each with a high rejection of the respective 
image band. With respect to SSB mixers or tuned interferometer, a 2SB receiver offers 
the advantage of not having moving parts, and has twice more IF band.  
To increase further the capacity and versatility during astronomical observation, dual 
polarization operation is often required or, in some cases, mandatory (e.g. ALMA 
project). The easiest way to separate linearly polarized signals with orthogonal 
polarizations is obtained with a quasi-optical system based on a grid consisting of free-
standing parallel wires. The polarization with E-field parallel to the wires is reflected by 
the grid, while the perpendicular polarization is transmitted. Although the wire grid is 
intrinsically wideband it has important drawbacks. In fact, it is large and bulky and 
requires two well aligned feed-horns along the optical path of the two wave polarizations 
resulting from the well aligned wire grid. In a practical implementation of a receiver, the 
wire grid should reside inside the cryostat, which correspondingly increase the size of the 
required dewar.
An alternative to the wire grid is represented by the waveguide orthomode transducers 
(OMT). Waveguide OMTs are more compact and less sensitive to mechanical vibrations 
than wire grid based systems. Moreover, they require the use of only one dual-polarized 
broadband corrugated feedhorn, thus the optical alignment is much facilitated and the 
instrumental polarization offset is reduced. Therefore, waveguide OMT are the favoured 
solution for focal plane imaging arrays.  
OMTs are classified in three different groups with increasing geometrical complexity and 
manufacturing difficulties, and with increased performances (see Bøifot [4]). A 
broadband waveguide OMT has been realized by Wollack [1] for ALMA band 3 (86-116 
GHz) using a design rescaled from a lower frequency model based on the Bøifot junction. 
The main disadvantage of Wollack’s OMT is the use of pins located at the entrance of the 
waveguide side arms. Pins act as capacitive posts that tune out the discontinuity of the 
holes created by the side arms in the common waveguide. However,  the complexity of 
assembling the pins in the block make them unsuitable for scaling the OMT at higher 
frequencies. In a more recent design of Narayanan the discrete compensation pins have 
been replaced with capacitive steps at the side arm apertures that are easier to fabricate 
and allow to achieve equivalent performance as the original Wollack design.   
Starting from the design published by Wollack we have carried out 3D electromagnetic 
simulations using the FDTD package CST Microwave Studio [5] and optimised a new 
type of broadband Bøifot type junction OMT based on a thick septum that resulted in a 
design similar to that discussed by Narayanan. With respect to that design, our junction 
OMT does not require the use of short capacitive steps that have been replaced by 
standard multistep transitions on the side arms. Finally, the polarization with E-field 
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parallel to the septum that is split in the Bøifot junction side arms results in low return 
loss over a wide band. A multi-step power divider has been optimised in the main arm of 
the OMT to split the linear polarization passing the septum, having E-field perpendicular 
to the septum itself, in two full-height waveguides perpendicular to the Bøifot junction 
side arms. The resulting four arms system consisting of the OMT junction with their side 
arms plus the main arm power divider is the central part of our dual polarization 2SB. 
The sideband separation for the polarization parallel to the septum is obtained by adding 
each of the Bøifot type junction OMT side arm to a LO provided by a 900 hybrid 
followed by a 16 dB branch-guide coupler. A similar configuration is used to achieve the 
sideband separation for the orthogonal polarization.
In the whole, the proposed device contains: (i) an improved Bøifot type junction OMT 
with a thick metallic septum; (ii) an optimised multistep power divider; (iii) four 16 dB 
branch guide couplers; (iv) two 900 hybrid couplers. 
The 275-370 GHz dual polarization 2SB can be realized by using 4 fixed-tuned DSB 
mixers at the ends of the proposed device. The device consists of 6 mechanical blocks 
that can be assembled to form a compact structure together with the 4 mixers. 
The present paper is organized as follows: in section II we introduce the concept of a 
classical single polarization 2SB in which the required circuits for combining and phasing 
the signal and LO power are realised in full height rectangular waveguide. In section III 
we discuss our design of the Bøifot orthomode junction integrated with the multistep 
power divider in the main waveguide arm, and present the results of electromagnetic 
simulations for such structure. Finally, in section IV we present the design of the whole 
structure of the dual polarization 2SB and discuss the construction of the mechanical 
blocks.

II. Single Polarization 2SB  

Sideband separating receivers have been widely used at microwave frequencies for many 
years. The schematic of a 2SB is shown in Fig.(1). Here, a single polarization of the 
incoming RF signal enters an in-phase power divider and is split in two parts. Before 
being applied to the DSB mixers, the two signals are added through a coupler to the 
power of LOs with 90-degree phase difference coming from an LO quadrature hybrid. 
The IF outputs are combined in a IF quadrature hybrid at whose output ports the 
downconverted upper (USB) and lower (LSB) sidebands appear separately.
Claude [3] has realized a single polarization 2SB integrating fixed-tuned DSB SIS mixers 
for the 275-370 GHz band. Its receiver setup is shortly discussed here as some of its basic 
elements are also employed in the design of our dual polarization sideband separation 
receiver. This includes a waveguide power divider, a waveguide quadrature hybrid 
coupler providing a 3 dB power splitting with 900 phase shift from the two outputs, two 
branch-guide 16 dB LO directional couplers, two SIS mixers, and a commercial 4-8 GHz 
IF quadrature hybrid (in our design the quadrature hybrid is used in the LO section 
instead of the RF section). The two full height waveguides of the broadband LO hybrid 
are coupled through the broad walls and are separated by five shunt guides g/4 long. 
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Two g/4 long shunt 
guides are used in the 16 
dB couplers. The 
couplers were realized by 
splitting the blocks on the 
E-plane; this facilitates 
their integration with 
other components. All 
the elements of the 
network were designed 
and tested at IRAM.

III. Bøifot type orthomode junction and in-phase power divider 

III-a Design of orthomode junction 

The twofold symmetric Bøifot junction was chosen as starting point for the OMT 
junction design investigated in this work. Different geometries were considered in turn 
with varying septum types and waveguide junction dimensions. The electromagnetic 
structures were optimised with CST Microwave Studio in the 275-370 GHz frequency to 
achieve the following requirements:  
a) return loss < -15 dB for the two polarizations; b) transmitted power to the four side 
arms within 0.1 dB of the reference value at –3 dB of the single polarization input 
excitation; c) cross-polarization level below –40 dB. The latter specification is required in 
a practical  implementation of a receiver because it is desirable for the cross-polarization 
induced by the OMT to be stable and less than the level arising from the feed assembly 
and telescope which a rarely below that figure. Very low cross-polarization levels are 
achievable with our design, with values that in principle are zero as a consequence of the 
symmetry of the designed structure, and that in practice depend on the amount of 
misalignments that are determined by specified mechanical tolerances. Although a 
detailed study of the influence of all possible contributions to the cross-polarizations has 
not been performed we point out that the typical cross-polarization levels in classical 
waveguide OMT are much lower than the those induced by a standard wire grid ( -30 
dB) and are also sufficiently low for most astronomical applications.  
A 3D view of the final orthomode junction design is shown in Fig.(2). Further details are 
illustrated in Fig.(3). The square waveguide at the input (dimensions 0.76  0.76 mm2)
can support the propagation of 4 modes in the frequency band of interest: TE10, TE01,
TE11 and TM11, with cut-off frequencies of respectively, c,TE10= c,TE01=197 GHz, 

c,TE11= c,TM11=279 GHz. The excitation of the higher order modes TE11 and TM11 is 
excluded for symmetry reasons. In fact,  the main and side-arm junctions are twofold 
symmetric about the horizontal and vertical guide planes, thus TE11 and TM11 excitation 
can be avoided in the square common arm of the junction as long as this condition is 
realized during fabrication and assembly. The alignment of the septum inside the 
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Fig.(1): Schematic diagram of a single polarization sideband 
separating receiver.  
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orthomode junction and of the input square 
waveguide at the interface with the flange of 
the circular-square waveguide transition (or 
the feed-horn including such transition) 
previous the OMT, is critical to minimize 
the excitation of  the TE11 and TM11 modes. 
When proper assembly is realized only the 
desired fundamental modes TE10 and TE01,
with E-field excitation respectively, parallel 
(P) and orthogonal (O) to the septum will 
propagate. Referring to Fig.(2),  the 
polarization of the RF signal at the input 
(Port 1) with E-field parallel to the septum 
will be divided on the side arms at the 
septum location (Port 2 and Port 3). The RF 
signal with input polarization perpendicular 
to the septum will pass the septum itself and 
will be divided by the power splitter in two 
side arms (Port 4 and Port 5). Higher order 
modes whose excitation is not excluded by 
symmetry reasons are created by the 
discontinuity due to the side arm apertures 
and septum. Although their cut-off 
frequencies fall outside the useful frequency 
band and the modes are evanescent, their 
reactances must be compensated by a proper 
choice of  the septum geometry and 
orthomode junction dimensions. In general, 
the thinner the septum, the easier the 
structure is to compensate. Decreasing the 
septum thickness t makes its realization 
more difficult, decreases the return loss of 
both input polarizations, increases the 
transmission through the main arm of the 
polarization perpendicular to the septum at 
values closer to –3 dB, and increases also 

the transmission of the polarization parallel to the septum that should not be passed (the 
cross-polarization level which is intrinsically very low in this structure). The adopted 
septum thickness of t =50 m is a compromise between the bigger values required to 
facilitate its manufacturing from one hand, and the smaller values necessary to achieve 
better performances from the other hand. The ratio between septum thickness and lateral 
dimension of the square waveguide results in a value of t/L 0.066 (in the original 
Wollack design t/L 0.024). The adopted septum geometry consists of a circular tapering 
from full waveguide lateral size down to a narrow square section tip that properly feed 
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TE ,P10 2
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Fig.(2): Three-dimensional view of the 
designed Bøifot type orthomode junction with 
power splitter. The RF signal coming from 
the feed-horn enters the square waveguide 
from the top (Port 1). The RF power coupled 
at the square waveguide entrance into the 
TE10 mode (polarization P, parallel to the 
septum) is equally split between two side-
arms (Port 2 and 3). The  RF  signal coupled 
into the TE01 mode (polarization O, 
orthogonal to the septum) is divided, after 
passing the septum, by a power splitter with 
E-plane bend side arms perpendicular to the 
previous (Port 4 and 5). 
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the symmetric side arms allowing for wide band performances. We found using 
simulations that the advantage of circularly tapered septum tip over the more standard 
triangular type as used by Wollack is the decreasing of return loss for the parallel 
polarization with a corresponding improved “flatness” of the –3 dB transmitted  power on 
the junction side arms. The short and narrow square section at the septum tip end 
improves further the performances, particularly by decreasing the return loss of the 
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Fig.(3): Internal view of the optimized orthomode junction. P and O indicate respectively, the 
polarization with E-field parallel and orthogonal to the septum. All dimensions are in 
millimeters. 

orthogonal polarization. The finite septum tip end width makes the design robust against 
possible off-axis misalignments parallel to the septum itself. 
In the septum region next to the junction side arms, the main waveguide arm can be 
thought of as divided in two independent parallel waveguides separated by the metallic 
septum itself. Because of the reduced dimensions, the two waveguides support in the 
frequency band of interest, the propagation of only one mode with E-field orthogonal to 
the septum. The mode with E-field parallel to the septum is evanescent in such region and 
is quickly attenuated. Therefore, the length of the septum controls the attenuation of the 
evanescent modes: increasing its length, the transmission in the main arm of the mode 
with E-field parallel to the septum (cross-polarization) decreases, but the return loss for 
the orthogonal polarization increases.  To keep such return loss below the –15 dB 
specification and reduce the transmission of the unwanted polarization we have decided 
to implement a symmetric multistep transition at the side arm junction from square to 
reduced height waveguide (dimensions 0.76  0.46 mm2) along the main waveguide arm. 
This reduces drastically the transmission of the polarization with E-field parallel to the 
septum without degrading the return loss performances. In addition, the reduced 
waveguide dimension prevents the excitation of TE11 and TM11 modes within the 
operating frequency range due to possible misalignment. In fact, the cut-off frequency of 
such modes is pushed outside the upper limit of the band ( c,TE11= c,TM11 381.1 GHz). 

14th International Symposium on Space Terahertz Technology

164



The side arm waveguides next to the septum have dimensions 0.76  0.28 mm2 and are 
0.60 mm long (see Fig.(3)). To reduce the ohmic losses in these sections, their lengths 
have been chosen to have the shortest possible values for which the transmission of the 
polarization coupling to the side arms results unaffected. Decreasing the side arm 
waveguide heights shifts to lower frequency the useful band for the return loss of the 
polarization parallel to the septum, while improving its cross polarization and the return 
loss of the polarization orthogonal to the septum. The side arms are transformed with a 
multistep transition to the standard 0.76  0.38 mm2 adopted for the full height 
waveguide dimensions of the ALMA Band 7 DSB SIS mixers [6] foreseen for integration 
with the proposed device.

III-b Power Splitter 

The Bøifot type orthomode junction is connected through a reduced height waveguide to 
the power splitter as shown in Fig.(2). Such long waveguide section (2.24 mm) is 
required by mechanical assembly reasons of the various blocks constituting the device. A 
multistep transition to square waveguide is used before the power divider. The -3 dB 
splitting junction is characterized by two full height waveguides (0.76  0.38 mm2)
joined at the square waveguide section that are E-plane bended with radius of 1.5 mm. 
This bending radius is sufficient to decrease the amplitude of the reflection coefficient at 
the square waveguide input below –30 dB over the 275-370 GHz band. 

III-c Predicted performances 

The entire 5-port structure shown in Fig.(2) has been simulated without taking into 
account the effects of ohmic losses (only perfect conductors were considered). The 
results are illustrated in Fig.(4). Return loss below –16 dB are obtained for both 
polarizations over the whole RF band of interest with zero cross polarization level. The 
coupling amplitude between the fundamental TE10 mode at port 1 and the fundamental 
mode at one of the side arms of the Bøifot junction has a value of –3 dB and variations 

280 300 320 340 360 380

-40

-30

-20

-10

0

R
e
tu

rn
 l
o
s
s
 [
d
B

]

Frequency [GHz]

 Polarization Parallel to the septum

 Polarization Orthogonal to the septum

280 300 320 340 360 380
-3,4

-3,3

-3,2

-3,1

-3,0

-2,9

-2,8

S
id

e
 a

rm
 t
ra

n
s
m

is
s
io

n
 [
d

B
]

Frequency [GHz]

 Coupling TE
01

 Port 1 with TE
10

 Port 4

 Coupling TE
10

 Port 1 with TE
10

 Port 2

Fig.(4): Result of simulations of the 5-port device illustrated in Fig.(2). Left): Amplitude of 
reflection coefficient at the input (Port 1) for polarization parallel, and orthogonal to the septum.  
Right): Solid line: Coupling amplitude between fundamental mode at Port 1 with E-field 
orthogonal to the septum and fundamental mode at Port 4 (or 5). Dashed line: Coupling 
amplitude between fundamental mode at Port 1 with E-field parallel to the septum and 
fundamental mode at Port 2 (or 3). 

14th International Symposium on Space Terahertz Technology

165



within 0.1 dB around this optimum. A similar result is obtained for the orthogonal 
polarization at the input that couples to the power splitter side arms.

IV. Dual polarization 2SB 

A schematic diagram of the dual polarization sideband separating receiver, based on the 
device illustrated in Fig.(2), is shown in Fig.(5). Here, the RF signals of the split 
polarization parallel to the septum (P) are added through 16 dB couplers to the signal of a 
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Fig.(5): Schematic diagram of dual polarization 2SB based on a Bøifot orthomode junction.

LO that enter the Bøifot orthomode junction side arms with a phase difference of 900.
The RF and LO are applied in two fixed-tuned DSB mixers whose IF outputs are 
recombined in a IF 900 quadrature hybrid, so that the resulting downconverted upper 
(USBP) and lower (LSBP) sidebands of the considered polarization are separated. The 
sideband separation for the orthogonal polarization (O) passing the septum is realized 
using the same scheme as for the other polarization, and the downconverted upper 
(USBO) and lower (LSBO) sidebands results at the output.

IV-a Design of waveguide circuitry

The dual polarization 2SB design follows closely the schematic diagram illustrated in the 
above figure, and is based on two independent LO sources, each driving the two DSB 
mixers of each single polarization sideband separating SIS receiver. A view of the RF 
waveguide circuitry of the whole device is shown on the left of Fig.(6). Here, the RF 
input signal enters the square waveguide from the top. Each of the two orthogonal 
polarizations are split by the Bøifot type orthomode junction and power splitter. Two 
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waveguide quadrature hybrid couplers and four 16 dB branch-guide directional couplers 
are employed to inject the LO in the RF signal paths with the proper phase. The two full 
height waveguide side arms at the output of the Bøifot type orthomode junction as well as 
the two waveguide branches following the 900 LO hybrid coupler must have the same 
electrical path length to allow a proper phase balancing at the two SIS mixer input P1 and 
P2. The two waveguides exiting the power splitter and the two waveguide branches 
following the second 900 LO hybrid coupler must also have the same electrical path 
length before entering the two SIS mixer input O1 and O2.

IV-b Design of mechanical assembly 

The waveguide circuitry discussed above can be realized using 6 mechanical parts (3 2
half blocks) made of brass to allow easy machining. A view of the compact split-block 
mechanical assembly of the three different half blocks showing the internal waveguide 
circuitry is presented on the right of Fig.(6). The whole device comprises four 16 dB  
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Fig.6 Left): Waveguide circuitry of the dual polarization 2SB. The RF signals with 
polarizations parallel (P) and orthogonal (O) to the septum are split in four waveguide arms and 
added to LO signals through 16 dB branch-guide couplers. Internal termination loads are also 
shown. Right): Mechanical assembly of the dual polarization 2SB. Three of the six block 
device have been removed to show the internal waveguide circuitry.

branch-guide couplers, two 900 hybrid couplers as well as the orthomode junction and 
power splitter. Once assembled, the device will have external dimensions 40 40 40
mm3. A beryllium copper septum (not visible) can be positioned between hollow surfaces 
of two split-blocks. The blocks can be realized using a standard CNC, except for the slots 
of the waveguide couplers that require to use spark-erosion technique. 
A view of the whole RF section of the dual polarization 2SB including the ALMA Band 
7 feed-horn and SIS mixers is shown on Fig.(7). Each mixer includes its IF matching 
circuit and a magnetic field concentrator to suppress the Josephson currents. The 
dimensions of the six mechanical blocks have been chosen to allow their assembling with 
the ALMA feed-horn and the ALMA Band 7 mixers.  
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V. Conclusions 

A dual polarization sideband 
separating receiver using a waveguide 
OMT has been designed for the 275-
370 GHz frequency band. This is 
based on a Bøifot type orthomode 
junction that integrates a 50 m thick 
septum. The RF section of the device 
comprises, other than the OMT, a 
power divider, two 900 LO 
waveguide hybrid couplers and four 
16 dB branch-guide LO directional 
couplers. The whole system is 
composed of 6 mechanical blocks that 
are assembled to form a compact 
structure. Its advantage is to exploit 
the –3 dB splitting operated over each 
of two mutually orthogonal 

polarizations by the waveguide OMT junction and power divider, as required for 
sideband separation, and to avoid the problem of signals recombination of classical 
waveguide OMTs. The device can be constructed using conventional split-block 
techniques with reliability and cost-effectiveness. 
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ABSTRACT – Imaging applications at millimeter and submillimeter wavelengths 
demand precise characterization of the amplitude, spectrum, and polarization of 
electromagnetic radiation. The use of a waveguide orthomode transducer (OMT) can help 
achieve these goals by increasing spectral coverage and sensitivity while reducing exit 
aperture size, optical spill, instrumental polarization offsets, and lending itself to 
integration in focal plane arrays. For these reasons, symmetric OMTs are favored over a 
traditional quasi-optical wire grid for focal plane imaging arrays from a systems 
perspective. The design, fabrication, and test of OMTs realized with conventional split-
block techniques for millimeter-waveguide bands are described. The design provides a 
return loss of ~20 dB over a full waveguide band. The observed cross-polarization and 
isolation are better than ~40 dB for tolerances readily achievable in practice. Prototype 
examples realized in WR10.0 and WR3.7 waveguide bands are presented.

Keywords: Orthomode Transducer, Polarization Diplexer, Waveguide Techniques 

INTRODUCTION:

Receiver systems for radio astronomy require high-performance polarization-
discrimination components. We report on the fabrication and performance of a wideband 
linear polarization diplexer for millimeter wavelengths. The designs considered here 
build on the concepts laid out by Brain (1978) at the Marconi Research Laboratory and 
first reported in a true split-block configuration by Boifot (1991). This two-fold 
symmetric junction achieves full waveguide band performance by limiting the excitation 
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of TE11 and TM11 in the square common-port. This was a key step toward the 
development of a wide bandwidth topology amenable to manufacture at millimeter 
wavelengths. These properties have lead to use of this configuration use in full-
waveguide band receivers at centimeter and millimeter wavelengths (Cazzatello et al., 
1996; Wollack, 1996). More recently, variations on these ideas have been explored with 
machinable apertures replacing the discrete compensation pins (Narayanan & Erickson, 
2002; Nesti, 2002). In additions, see Uher, et al. (1993) for a comprehensive review of 
wide- and narrow-band OMT designs.

The two-fold symmetric OMT can be viewed as a variant on the turnstile junction where 
two of the ports have been folded parallel to the common-port [4]. The two ports that 
form the main-arm are separated by a thin septum, combined, and transformed to 
standard-height waveguide. For the other polarization, this septum forms a pair of 
back-to-back "mitered'" bends which feed the symmetric side-arm ports.  The pin 
number, diameter, and location are a compromise between tuning the septum reactance 
produced in the side-arm ports and allowing a low impedance return path for the 
main-arm currents.  

To lowest order, throughout the structure, the propagation constant and impedance are 
constant. Although other implementation can be envisioned, this approach minimizes the 
frequency dispersion between the output ports. The main and side-arm junctions are two-
fold symmetric about the horizontal and vertical guide planes, thus, TE11 and TM11

excitation can be avoided in the square common-arm of the junction to the extent that this 
condition is realized during fabrication and assembly. 

This polarizer configuration can achieve relatively low fabrication cost while maintaining 
superior full waveband performance. The key strengths of this approach are as follows: 

Fabrication:    2-piece split-block 
Design Bandwidth:    1.15 < f / fc < 1.95

Return Loss:    ~ 20dB (typical) at millimeter wavelengths 
Isolation:    > 40dB (typical); limited by symmetry of junction  

Phase Balance:    < 20deg phase error (typical); 1.2 < f / fc < 1.9 

We observe that the broadband phase balance is a direct consequence of the homogenous 
propagation constant in the structure. The functional form of the residual phase error is 
approximately parabolic with frequency.1 For broadband polarimetry, these properties 
have the potential to enable a substantial improvement in continuum receiver technology 
over current approaches.

                                           
1 This has been experimentally verified in the present design topology by equalizing the side- and main-
arm path lengths with a waveguide shim and measuring the phase difference between the two output ports. 
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Figure 1: WR10.0 OMT Assembly. 

Symmetric OMTs:   3mm and 1mm Designs 

We present details for prototype 3mm and 1mm two-fold symmetric waveguide OMTs. 
See Table 1 for a summary of mechanical specifications.  A W-band (ALMA Band-3) 
prototype device with standard 3/4"-round flange interfaces is depicted in Figure 1. To 
achieve clearance between the side- and main-arm port flanges, the side-arm power 
combiner was realized at the interface of a 1:1 to 2:1 transition and a 65o miter was used 
in the main-arm port. This miter design provides full waveguide-band performance 
without the discontinuity jutting above the plane of the split-block and minimized the 
guide lengths for the indicated constraints. This was convenient for testing the basic 
properties of the prototype junction. The mixer block to OMT interface will determine 
the final package geometry.  

The side-arms were realized in 2:1 guide and are combined in a 1:1 guide which is 
adiabatically transformed to a standard height. Placing the impedance transformer after 
the side-arm power combiner relaxes the tolerances required to maintain the phase match 
before the signals are recombined. For additional loss considerations see Appendix A. A 
discrete compensation approach related by symmetry to a miter bend is employed for the 
side-arm power combiner as described [4,5].  

The split-block housing was fabricated out of brass. The main-arm output section was 
defined by multiple pass EDM (Electric-Discharge-Milling). The septum was made out 
of 61 m beryllium-copper shim stock. The septum is integrated into the 2:1 Chebyshev 
stepped main-arm transformer. A ~100mm length of 125 m diameter copper-clad steel 
magnet wire was threaded through the holes 
to realize the compensation "pins". After 
assembling the blocks and septum, the wires 
are potted into the upper block and trimmed. 
The resulting configuration is insensitive to 
variation in applied force and allows 
disassembly of the block if desired.  

The performance indicated in Figure 2 is 
with four pins and the nominal septum 
placement used to compensate the junction. 
Measurement frequencies are normalized to 
the WR10.0 cutoff, fc = 59.01 GHz, to 
facilitate comparison of the response. TRL 
(Thru-Reflect-Line) was used to calibrate the 
HP85106D network analyzer.  The common-
arm termination is a sliding conical load with 
a return loss ~40dB. The data presented are 
uncorrected for the resultant measurement 
errors. The observed insertion losses for 
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bright and bondable pure gold plated housings are also indicated.  The overall 
performance is in agreement with a HFSS [9] model of the structure. 

The preliminary electrical characterization of a set of prototype WR03.7 full-band 
orthomode transducers was also performed. The design is derived from the junction 
previously described and is intended as a proof-of-concept for a ~1mm (ALMA Band-6) 
OMT. Two pairs of split-block housings were fabricated from leaded brass, to verify 
reproducibility of the approach. The main arm output sections on one set were formed 
using EDM, and on the other set by electroformed copper inserts. In a production design, 
the fabrication details will be modified to suit the details of the mixer block interface. The 
septum was produced by photolithographic etching on a 36 m thick beryllium-copper 
sheet. Copper-stainless steel magnet wire with a diameter of 61 m was used to 
compensate the junction. All components were subsequently gold plated. Further 
optimization of the side-arm return loss for atmospheric window is possible and would 
potentially result in improved overall coupling efficiency. 

The measured performance indicated in Figure 3 was taken with the nominal septum 
placement and four wires compensating the junction. Measurement frequencies are 
normalized to the WR03.7 cutoff, fc = 159.6 GHz. Oleson WR03.4 millimeter-wave test 
set were used to measure the device's S-parameters. Data were taken both in the WR03.4 
and WR03.7 waveguides with TRL (Thru-Reflect-Line) calibration. For the WR03.4 
calibration, a 2:1 transition with return loss less than 25dB was used mate to the native 
WR03.7 OMT guide. Within the experimental error, quantitatively consistent results 
were obtained with both calibration approaches. The ~0.2dB ripple observed in the loss 
estimate results from the finite directivity of the VNA heads. The observed isolation was 
limited by the test set in use and will be addressed in subsequent efforts. This suite of 
measurements indicates that the structures have repeatable parameters during 
manufacture.  

CONCLUSIONS: 

The performance of two-fold symmetric millimeter wave orthomode junctions is 
presented.  Isolation >40 dB and return loss ~20 dB are typically observed.  The ohmic 
contribution to the insertion loss is within a factor of ~two of the theoretical for pure gold 
at room temperature and improves modestly upon cooling to cryogenic temperatures. 
Components based upon these designs have been incorporated into state-of-the-art broad-
band low-noise receivers for radio astronomy. Direct integration of the OMT and sensor 
will be of increased importance in reaching the fundamental limits for wideband 
waveguide polarization applications. 
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Mass
[gm] 
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24
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Table 1:  Orthomode Junction Design and Layout Summary. 

Figure 3: WR03.7 OMT (fc=159.6 GHz). The 
solid and dashed lines are respectively the side- and 
main-arm responses for reflection and transmission. 
The solid isolation line is with a load on the 
common-arm; the dashed line is with a short on the 
common-port.  

Figure 2: WR10.0 OMT (fc=59.01 GHz). The 
solid and dashed lines are respectively the side-
and main-arm responses for reflection and 
transmission. The solid isolation line is with a 
load on the common-arm; the dashed line is with a 
short on the common-port. 
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APPENDIX A:  Waveguide Loss Considerations  

Since standard flanges do not scale with guide size, in practice, the flange interface area 
can significantly influence the overall component size. For wavelengths greater ~5mm, 
physically small compensation structures are desirable to minimize overall device mass 
and volume. For wavelengths less than ~5mm, physically large matching and potentially 
overmoded structures are desired to control loss and improve overall manufacturability.  
With adequate attention to detail, the benefits of reduced ohmic loss can be realized while 
mitigating the potential spurious effects of mode conversion [5].  

In light of these considerations, we briefly consider the scaling laws for the ohmic 
component of the loss which result from a finite electrical conductivity, . In limit the 
skin depth,  = (2/ )

1/2, is small compared to the metallization thickness and 
wavelength, the loss can be estimated by perturbation of boundary conditions [10]. The 
power loss per unit length in the guide is, 

For the dominate mode for a rectangular guide with broadwall dimension ao and sidewall 
height bo,
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cutoff wavevector. For a good metal, the ratio of the surface resistivity, Rs=1/ , over the 
impedance of free space, =( / )
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This allows a practical separation of the geometric and material contributions to the 
attenuation for the dominate mode. This quantity is plotted in Figure 4 with the guide 
aspect ratio as a parameter. As the sidewall height is increased, the loss is 
correspondingly reduced by accepting a smaller the single mode bandwidth. This basic 
behavior is reminiscent of the unloaded cavity quality factor, Qo, which in the thermal 
dynamic limit scales as the characteristic size of the system in wavelengths. We recall, 
for a cavity with TE10 illumination, 

where lo, the length of the rectangular waveguide, imposes a discrete symmetry on the 
resonant responses. In the limit the cavity length tends to infinity, the contribution of the 
ends relative to the sidewalls drops. Similarly, a discrete excitation spectrum is possible 
in the limit bo is large enough to allow multimode propagation. This general picture can 
be extremely useful in considering the effects of transmission and isolation resonances in 
the multi-mode limit.  In practice, the necessity to control these effects presents a 
challenge for achieving ultra low-loss wide-band performance for guide aspect ratios 
significantly larger than 1:1 without the use of mode filters in homogenous structures. 
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Figure 4: Normalized Waveguide Attenuation verses Frequency. The geometric dependence of 
attenuation constant is plotted with the broadwall over guide height as a parameter. The bold line depicts 
the normalized attenuation of a standard 2:1 guide. The diamonds indicate the onset of TE11 and TM11

mode propagation for the aspect ratios indicated.   
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Optical Methods for Spectral Analysis of future Heterodyne Instruments 

R.Schieder
Physics Institute, University of Cologne 

Zülpicher Str.77, D-50937 Cologne, Germany 

Today, submm- and THz-receivers are now state of the art in radio-astronomy. Consequently, 
the availability for wide bandwidth back-ends is becoming increasingly important. But, at the 
same time, also imaging receivers are now operational in several places, so that the availabil-
ity of large numbers of such spectrometers is now developing into one of the major bottle-
necks. In recent years, large bandwidth (~1 GHz) acousto-otpical spectrometers (AOS)  be-
came available with small weight and low power consumption so that their applicability par-
ticularly for space programs is now of increasing interest. But also at ground-based observato-
ries numerous AOS are in use very successfully. For the particular needs of array-receivers 
the development of array-AOS represents an important step which allows to operate four low 
resolution spectrometers in one small optical unit. Such spectrometer will fly for example 
aboard the ESA cornerstone mission Herschel for the heterodyne instrument HIFI. Neverthe-
less, imminent programs like SOFIA will require spectrometers with even more bandwidth 
and in fairly large numbers, which are presently not available with any well approved tech-
nology. Acousto-optics can provide more than presently available bandwidth, most likely  up 
to 4 GHz, but it requires the usage of new materials and new laser sources. The latest results 
of a dedicated investigation are indicating that such spectrometers are feasible, and ideas for 
future array-systems might become reality within the next few years. When considering sys-
tems further up in frequency towards the FIR or mid-IR frequency range, even more band-
width is required. For this, other optical methods like the application of optical modulation of 
single frequency lasers with the IF output of a heterodyne receiver can lead to a new genera-
tion of lower resolution instruments when using Fabry-Perot Etalons for the spectral analysis. 
Such systems may also be converted into array-spectrometers by fairly simple optical meth-
ods. Details of such ideas and first preliminary results will be discussed. 
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A Correlator Chip for Spaceborne Radiometry 

Constantin Timoc 

Spaceborne Inc. 

Summary

The S2000S128C is a digital correlation spectrometer comprising a digitizer and an auto-
correlator on a single chip.  The digitizer is used in conversion of noise-like signals to 2-
bit/4-level digital signal. The S2000CS128 is provided with 4 frequency counters which 
contain information necessary for auto-calibration of the digitizer. The digitizer includes 
16-bit DACs used to set the threshold voltages for comparators during auto-calibration by 
a computer software. The computer is connected to the digitizer through a serial 
interface. The auto-correlator calculates 128 points of the correlation function of two 
digitized signals. The spectrometer employs a 4-level quantization scheme with 
weighting factors of (-3,-1,+1,+3) and a modified 2x2 bit multiplication table to achieve a 
sensitivity of 87%.    The S2000S128C uses parallel processing with a time multiplexing 
factor of 2 to achieve an effective signal bandwidth of 2 GHz at a clock frequency of only 
2 GHz.   Each lag comprises a 2x2 bit multiplier, a 4-bit accumulator, a 32-bit counter, 
and a 32-bit buffer shift register. Several chips can be cascaded to construct 
spectrometers with more than 128 lags. The chip is powered from a 1.8 V supply and 
dissipates 4.5 W at a sampling frequency of 2 GHz 
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Deployment of TREND -
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AB STRACT - We have de veloped and constructed a low noise re ceiver user in strument based

on HEB technology, TREND (Terahertz RE ceiver with NbN HEB De vice). The plan was to in stall

TREND on the 1.7 meter di am e ter AST/RO submillimeter wave tele scope at the Amundsen/Scott

South Pole Sta tion dur ing the austral sum mer season of 2002/2003. The frequency range of 1.25 THz

to 1.5 THz was cho sen in or der to match the best windows for at mospheric transmission and in terstel-

lar spec tral lines of spe cial in terest. The South Pole Sta tion is the best avail able site for ground-based

THz ob ser va tions due to the very cold and dry atmosphere over this site.

The TREND team is now able to re port that this re ceiver has been in stalled on schedule and met

our goals for its per formance. TREND is thus ready to per form as tronom i cal ob ser va tions in the up -

com ing aus tral win ter season as soon as the weather be comes suitable for THz work. The first spec-

tral lines which will be ob served are the CO J = 11�10 line at 1.27 THz and the 1.46 THz line of NII.

TREND is an NbN Hot Electron Bolometer (HEB) type re ceiver, and the dou ble sideband noise tem-

perature at 1.27 THz has been measured on the telescope to be 1,200 K. The local os cillator is a CO2

la ser pumped, am pli tude sta bi lized CD3OH gas la ser. The TREND re ceiver will pi o neer ob ser va tions

from a ground-based tele scope at fre quen cies well above 1 THz. This is also the first time that a re -

ceiver can po tentially per form an ex tensive study of the ubiquitous NII ion, first noted by COBE.
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I. INTRODUCTION

A num ber of sig nif i cant tech no log i cal re search ef forts aimed at the de vel op ment of terahertz

low-noise heterodyne in struments are un der way in lab oratories around the world. In struments that

will be op erational in a few years in clude the far in frared space tele scope (HERSCHEL) and other

platforms in the up per atmosphere (SO FIA, balloons). Low-noise receivers based on HEB de vices

deployed on ground-based tele scopes at the best available sites are be com ing op erational now, how -

ever. It has only re cently been realized that ob ser vations above 1 THz are feasible at such sites.

Ground based tele scopes can be ded icated to specific tasks for lon ger pe ri ods of time com pared with

facilities in space. Furthermore, larger di ameter tele scopes, such as the 8 me ter one un der construc-

tion at the South Pole, will be su perior to air and space borne dishes in terms of angular resolution.

Pres ently, the 1.7 me ter di am e ter AST/RO submillimeter wave tele scope is op erated at the South

Pole by the Smith so nian As tro phys i cal Ob ser va tory, and has suc cess fully per formed ob ser va tions

up to the 800 GHz (350 �m) window for several years.

NbN HEB THz re ceivers have been under development at the University of Mas sa chusetts for a

few years and are now ready to be used for as tro nom i cal ob ser va tions. TREND (“Terahertz RE ceiver

with NbN De vice”) is a low-noise het erodyne re ceiver for the 1.25 THz to 1.5 THz fre quency range.

The re ceiver takes advantage of the atmospheric transmission windows in the above fre quency

range, as well as the avail ability of AST/RO. 

II. SITE CONSIDERATIONS

The Antarc tic Plateau, with an al titude of 2847 meters, is unique among ob ser va tory sites for

unusually low wind speeds, ab sence of rain, and an ex tremely cold and dry at mosphere. The me dian

Precipitable Wa ter Va por (PWV) value is less than 0.3 mm dur ing the austral win ter season. Avail-

able at mospheric models can be used with the measured amount of PWV to pre dict the at mospheric

trans mission in two win dows near wavelengths of about 200 �m, oc curring from about 1.25 THz to

1.4 THz, and from 1.45 THz to 1.6 THz. Ex pected me dian trans par ency at fre quen cies cor re spond ing 

to im por tant spectral lines is from 5% to 11%, and on un usually good days may reach val ues 2 or 3

times higher. Atmospheric transmission measured with an FTS in strument from the South Pole site

[2] is shown in FIG. 1. These measure ments show good atmospheric transparency and confirm the

above model pre dic tions.  It is clear that in stalling a low noise terahertz re ceiver at the South Pole site

is thus well jus tified.

We have identified two spectral lines, lo cated in the above atmospheric windows, which are of

special in terest. The first is the NII (sin gly ion ized ni trogen) line, at 1461.3 GHz (205.4 �m), which is

the second stron gest spec tral line overall in a typ ical gal axy (only CII at 156 �m is stronger). NII
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should be ubiq uitous in the warm in terstellar medium (WIM) of our galaxy. The other line is the

J=11�10 line of CO at 1267.014 GHz. It is im por tant to ob serve higher or der CO lines and com pare

these with the well stud ied mil lime ter lines of CO in warmer, denser sources.  The lo cations of the

above lines rel ative to the atmospheric transmission spectrum are marked in FIG. 1. 

III. RECEIVER DESIGN

We have cho sen the quasi-optical cou pling de sign for our phonon-cooled HEB (PHEB) mix ers.

Typ i cal state-of-the-art DSB re ceiver noise tem per a tures for PHEB re ceivers mea sured at about 1.5

THz are in the range of 500-1000 K [1,3]. NbN HEB mixers are also very in sensitive to changes in

bias con ditions and LO power and should be easy to adapt to the ob serving lo gistics at AST/RO,

where all ob ser va tions in the austral win ter season are per formed by one or two “winter-over” op era-

tors. Whereas mul tiplier LO sources are ex pected to be avail able in the fu ture, a la ser LO was chosen

for TREND, since it is a mature tech nology in the terahertz re gime and will lend it self well to a fu ture

upgrade of the system to in corporate a multi-pixel fo cal plane ar ray.

Ac tive De vice

Phonon-cooled HEB mix ers are typically fab ricated from NbN films on ei ther sil icon or MgO

sub strates. The MgO substrate po tentially re sults in a wider IF band width than for NbN on sil icon.

The IF band width requirement for TREND (1 – 2 GHz) can be sat is fied by us ing sil i con substrates,

FIG. 1. Atmospheric transmission at the South Pole measured with an FTS [2].
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however, and our de vices for TREND were fab ricated on this sub strate.  We have de vel oped de vices

using (1) UV li thography and (2) e-beam writing. De vices fab ri cated with UV li thog ra phy at

UMass/Amherst are 1 �m (length) × 4 �m (width) whereas a set of smaller de vices, writ ten with

e-beam at Chalmers Uni versity of  Technology, are 0.4 �m × 4 �m. The 1�m long de vices have

somewhat higher resis tance (200 – 400 �) and re cent de vices have shown noise tem per atures from

1,500 K to 2,000 K. The shorter e-beam de vices are better matched to the an tenna and have yielded

noise temperatures below 1,000 K as discussed below.

Quasi-Op ti cal Cou pling

In our NbN HEB de vel opment work, we have made use of a quasi-optical cou pling scheme con -

sisting of a 4 mm di am e ter elliptical sil icon lens, coupled to a self-com ple mentary toothed log-pe ri-

odic an tenna on a sil i con sub strate. The op ti mum po lar iza tion di rec tion is fre quency-de pend ent for

log-periodic antennas. We have therefore chosen a twin-slot antenna de signed for a center frequency

of 1.3 THz for the TREND re ceiver, as shown in FIG.2.  This antenna is linearly po larized, per pendic-

ular to the slots. The bandwidth of sim i lar twin-slot an tenna HEB mixers has been shown to be wider

than re quired for matching the entire 200 �m at mospheric window, about 1.25 to 1.6 THz. Our NbN

HEB mixers show no saturation due to ther mal noise, and also no di rect de tec tion ef fects.

The beam width of the quasi-op tical sys tem is pri marily determined by the di am e ter of the el lip-

tical lens and has been measured for an earlier ver sion as re ported in [4]. The 3 dB beam width of the

TREND lens/antenna com bi nation was de termined to be 3.6 de grees  roughly in the cen ter of the band

(1.4 THz) by us ing ring-shaped cut-outs in the hot load while do ing Y-factor measure ments. The

FIG.2. (a) A quasi-optical de sign il lustration; (b) A pho tograph of the twin-slot an tenna.

The PHEB de vice in the cen ter is too small to be seen.

28 �m = 0.15 �0

(b)(a)
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beam width var ies lin early with the wave length, and the fo cusing op tics for the LO and sky beams on

the AST/RO telescope were de signed to match the mea sured beam width of the TREND sys tem in the 

center of the band, see be low for fur ther de tails on the optics.

La ser Lo cal Os cil la tor

The LO source is a model # SIFIR-50 FPL terahertz gas eous laser system that was de signed and

built by the Coherent/DEOS com pany [5]. As other terahertz gas lasers, it is pumped by a CO2 la ser.

In the case of the TREND la ser, the pump la ser is sealed, and is ex pected to be able to op erate at least

10,000 hours be fore it needs to be re filled with gas, a fea ture which fa cil itates op eration at a re mote

site.  The pump la ser is RF ex cited and thus does not re quire a high-volt age power supply. Its maxi-

mum power out put is 50 W on one of the stron gest lines. The CO2 la ser is grating tuned through a PZT

trans la tor, and is actively fre quency locked to one of the resonance fre quencies of a high-Q tem per a-

ture-sta bi lized Fabry-Perot res o na tor. The terahertz la ser uses a thermally compensated design for

am pli tude and fre quency stability. Its cav ity length can be ad justed ei ther by a mi crometer or a PZT

trans la tor. All of the above components are in tegrated into a rugged, transportable pack age, with di-

mensions of about 185 cm × 50 cm, and height of about 25 cm.  The laser sys tem re quires liq uid cool -

ing. FIG. 3 shows a pho tograph of the TREND laser system while being tested at AST/RO. 

FIG.3. Pho tograph of the TREND la ser sys tem with the la ser cover off.
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It is usu ally possible to find a terahertz la ser line which matches a par ticular line in the ISM,

within the IF band width of typ ical HEB mixers (about 5 GHz). How ever, some por tions of the

terahertz range may not have a strong la ser line available. At the pres ent time, the best known la ser

line sufficiently close to the required frequency of 1461.31 GHz for NII is a line produced by CD3OH

at 1459.3913 GHz (205.423 mm wave length), which yields a con venient IF of 1.7 GHz. The out put

power on this line in stable op eration is about  1 mW, which is sufficient since we found that less than

10 �W of la ser power at the dewar win dow was needed to pump the mixer to its op timum point. We

use a 6 �m thick beam split ter, which re flects about 1 % of the power. The CD3OH la ser line dem on-

strates some of the con straints on ob taining a la ser lo cal os cillator at a spe cific terahertz fre quency.

The cen ter of the CO2 pump la ser line (10P36) is off set from the center of the CD3OH line to be

pumped. Since the offset is larger than the free spec tral range of the particular pump la ser used, the la-

ser can not be op erated at the op timum pump fre quency. This re sults in lower than typical la ser gain

and thus less out put power. There are actually two lines in CD3OH which are pumped by the same

pump line; the second one is lo cated at about 215.8 �m, with the same po lariza tion as the 205.4 �m

line. We dis tin guish be tween the two lines by us ing a silicon etalon, which has dif fer ent at ten u a tion

for the two lines. CD3OH has an additional line (with a dif ferent CO2 pump line) measured to be at

1265.513 GHz. This line matches that of the J = 11�10 tran sition of CO, with a conveniently low IF

of 1.5 GHz.

The TREND La ser power is actively sta bilized to ±0.01 dB (±0.25 %) over many minutes by a

feedback system which senses the DC bias cur rent of the HEB de vice di rectly, and ap plies this signal

through an am pli fier/filter cir cuit to the FIR la ser PZT trans la tor, thus keep ing the op er at ing point

very sta ble.  The time-constant of this cir cuit is about 10 sec onds. Ad ditional long term sta bi lization

is achieved by con trolling the con tinuous flow of the gas in the FIR laser using a gas manifold.

Mixer Block and Bi asing

We have de signed a new mixer block that is com pat ible with other mixer blocks used at the

AST/RO fa cil ity. The mixer block con tains the lens, the sub strate on which the NbN de vice and the

antenna were fabricated, and a circuit board that sup plies the DC bias and connects the mixer through

a ca pac itor to the IF am pli fier. FIG.4 shows the present configuration of the bias cir cuit, as well as

pho to graphs of the mixer block. The bias scheme uti lizes a total of five wires plus ground (three wires

plus ground inside the dewar).  Chip resis tors of about 2 k� are placed in se ries with all leads, while

chip capacitors  inside the mixer block shunt tran sients to ground. Fur thermore, the DC ground is

separate from the mixer block/IF ground. This bias scheme pro tects the de vices and minimizes line

and other pickup.  The bias electronics was built at the University of Ar i zona. The IF am pli fier is a

1-2 GHz bal anced am pli fier de sign, which was originally de signed at CalTech and has been used on

ear lier AST/RO re ceivers. The noise tem per ature contribution of the IF chain is about 5 K.
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IV. OPTICAL SYSTEM FOR TREND AT AST/RO

The AST/RO tele scope has provisions for four dif ferent re ceivers, each oc cupying a re ceiver

pallet/optical breadboard of size 75 cm × 75 cm. FIG.5 shows the po sition of the TREND re ceiver on

one of these pallets. The la ser is lo cated on a sep arate op ti cal bread board in the ceil ing, to gether with

a HeNe la ser for align ment, a pyroelectric de tec tor for power monitoring, and an attenuator/polarizer

(two crossed wire grids). The la ser beam is guided to the receiver by mirrors L1 through L5. The “sky

beam” from the telescope is guided through a hole in the ceiling onto a rooftop mirror sys tem, which

is used to select the particular receiver one wants to use for ob serving. It is then di rected to the

TREND re ceiver through three fur ther mirrors.  A 6 �m thick my lar beam split ter is lo cated in front of

the dewar win dow that al lows low-loss trans mission of the sky beam, while re flecting only a small

fraction of the la ser LO beam to ward the TREND cryostat win dow. Most of the la ser power is dis si -

pated in an LO “beam dump”. This flexible ar rangement elim inates the need for a di plex er for the LO

in jec tion. The TREND cryostat is mounted on an x-y trans la tor sys tem for alignment with the two

beams. Fur ther alignment de grees of freedom are available by turn ing the elliptical in jec tion mirrors

(L5 and R3, the closest mirrors for the respec tive beams). We have constructed two op tical paths for

the LO beam to com pen sate for the different polarization of the LO beam at the two frequencies of

operation (see FIG.5).

FIG.4. Pho tographs of the mixer block and a draw ing of the bias cir cuitry.
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V. RESULTS AND CONCLUSION

Four mixer blocks with PHEB de vices were constructed and trans ported to AST/RO. The mixer

blocks are readily ex change able and pro vide re dun dancy in case a de vice fails dur ing the winter sea-

son. The best noise tem per ature re sults mea sured at UMass with one of the smaller de vices are shown

in FIG.6. These measure ments show that the re ceiver covers the re quired tunable band width with

about a 30 % variation in re ceiver noise tem per ature across the band. The minimum of the noise tem-

perature agrees with the de sign frequency of the twin-slot antenna, centered at 1.3 THz, and the band-

width is what is expected for this antenna. The best dou ble sideband to tal receiver noise tem per ature

FIG.5. Op tical system for the TREND re ceiver at the AST/RO tele scope. (a) 3-D sim ulations

of the re ceiver room; (b) TREND dewar with LO and Sky beams; (c) LO beam con figura-

tion for the 205 �m line; (d) LO beam configuration for the 237 �m line.

(c)

(a) (b)

(d)
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measured on the telescope was 1200 K at the 237 �m line. Other measure ments in the laboratory prior 

to ship ping the TREND sys tem showed that the noise tem per ature was essentially un changed  for a 1

dB variation in LO power, when the bias volt age was low (about 0.6 mV).  The to tal noise out put

power var ied by 2.5 dB for the same change in LO power. Such variations do not oc cur on the tele-

scope system since the LO power is ac tively sta bilized in a way that main tains a constant  bias cur -

rent. We also measured short term fluc tuations of the out put power and de rived the Allen variance

from such data.  Due to space lim i tations, we will de fer the pub lication of this data to a fu ture pa per.

In con clusion, we have  shown that a com plex, laser-pumped, HEB re ceiver system can be trans-

planted from the laboratory to a fairly re mote site and dem on strate sim i lar performance to that mea-

sured in the laboratory. The system will now be used for actual ob ser va tions as the best terahertz

weather conditions at the South Pole usually oc cur dur ing the months of June through August.

FIG.6. Double side band receiver noise tem peratures at dif ferent LO fre quencies mea sured

on one of the PHEB de vices fabricated by e-beam. The IF was 1.3 GHz. A mea sured point

at the IF for the CO 11�10 line is also plot ted. The noise tem per ature point for the NII line

was found by in ter po la tion.
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Heterodyne Array Development at the University of Arizona
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ABSTRACT
Over the past four years, SORAL and its colaborators have been developing two SIS het-
erodyne array systems for astronomical telescopes: the PoleStar 4 beam arr ay for the 850
GHz atmospheric window, and DesertStar 7 beam array for the 350 GHz atmospheric win-
dow. PoleStar was delivered to the AST/RO telescope at the South Pole during the austral
summer of 2000, and is now in normal operation. Desert Star is undergoing lab testing and
engineering on the Heinrich Hertz Telescope now. We will present an overview of the sys-
tem designs, techniques for local oscilator multiplexing, bias control, optics, cryogenics
and results from system characterization and commissioning. Techniques used in the con-
struction of these arrays are being extended, with the ultimate goal of building fully inte-
grated heterodyne arrays with hundreds of pixels.

PoleStar: An 810 GHz Array Receiver for AST/RO
A 4-pixel array receiver constructed to oper-
ate in the astrophysically important 810 GHz
atmospheric window was assembled and
tested at the Steward Observatory Radio
Astronomy Lab (SORAL) and installed on
the Antarctic Submillimeter Telescope and
Remote Observatory located at the South
Pole (AST/RO) at the South Pole (Groppi et
al. 2000). The cold, dry conditions at the
South Pole, coupled with its relatively high
altitude (~10,500 ft.) make it an excellent
location for observations at submillimeter
wavelengths. AST/RO has a 1.7 m aperture
and was designed to take advantage of these
conditions (Stark et al 2001). The almost
ideal atmospheric conditions and the result-
ing observing ef cienc y available from the
South Pole motivated us to build an 810 GHz

Figure 1: PoleStar in the lab during front-
end testing.
All system electronics  t into a single trans-
portable equipment rack. A He-Ne laser is
mounted on the optics plate here for optics
alignment.
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array for use on AST/RO. Figure 1 is a photograph of the receiver front-end as it appeared
in the lab before deployment.

Pole Star Optical Design
The purpose of the optical system is to re-image AST/RO’s focal plane onto a compact
2x2 array of lenses located in the array cryostat and to ef ciently inject local oscillator
power into each mixer. Focal plane re-imaging is achieved by a pair of parabolic mirrors
and two  ats. A quasi-optical LO power divider is used to split the focused LO beam into
4 equal parts. The power dividing is accomplished by two, low-loss, ~50% crystalline
quartz beam splitters. Each beam splitter is paired with a  at mirror to gi ve the emerging
beams the proper horizontal and vertical offsets. After including all loss mechanisms, we
estimate that 18% of the incident LO power is in each LO beam at the output of the power
divider.

LO diplexing is handled with a 0.5 mil Mylar
beamsplitter. A 2x2 array of HDPE lenses then
focuses the beams into the mixer feedhorns.
Initially, we used a Martin-Puplett interferome-
ter as an LO diplexer, but we later decided to
replace it with a simple Mylar beamsplitter.
While the MPI theoretically couples 100% of
both the LO and sky power, they are very sensi-
tive to misaligned beams. Even a 0.5 degree
beam squint can cause 3 dB of loss in both LO
and sky power, adding close to 600K of noise
(Martin et al. 1977). The Mylar diplexer is not
sensitive to mixer squint, and adds very little
loss as long as the Mylar thickness is kept
small.

JPL Local Oscillator
The  rst major upgrade to PoleStar w as the
replacement of the LO chain with whisker con-
tacted multipliers with a state-of-the-art planar diode LO chain with 100 GHz power
ampli ers before the  rst doubler . This LO chain uses multipliers developed for the Her-
schel HIFI project, designed and built jointly by JPL and UMass (Mehdi et al. 2003). The
source is a 100 GHz Gunn Oscillator from J. Carlstrom. This is followed by two 100 GHz
power ampli ers in series, then a 200 GHz doubler , a 400 GHz doubler and an 800 GHz
doubler. The multipliers are self biased and tunerless. Measured power output at the oper-
ational frequency of 807.3 GHz is in excess of 250 µW. After the LO upgrade, it was pos-
sible to saturate all the mixers using only a 0.5 mil Mylar beamsplitter. In addition, the

Figure 2: The inside of the PoleStar cry-
ostat.
The 4 L-band Low-Noise IF ampli ers are
mounted on the 15K radiation shield, and the
mixers, lenses and bias tees are mounted on
the 4K working surface.
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self-biased tunerless operation makes the system much easier to use for the winter-over
operators. Figure 3 shows the JPL/UMass LO chain installed on PoleStar.

Cryostat
The Pole STAR cryostat (Figure 2) was con-
structed by Precision Cryogenics and is based on
the successful Caltech Submillimeter Observa-
tory (CSO) hybrid design. It uses a CTI model
350 coldhead to cool the outer and inner radiation
shields to ~77 and ~12 K, respectively and a 4
liter liquid helium can to maintain the mixers at
their operating temperature. This same basic
design is used for all AST/RO and CSO receiv-
ers. In the single pixel AST/RO receivers, 30.5
mm diameter, Te on coated, crystalline quartz
windows are used at 300 and 77 K. Zitex is used
as the IR  lter on the 12 K radiation shield. With
a good vacuum, hold times of ~6 days can be
achieved. At 77 K, we use an additional layer of
Zitex. For the 300K vacuum window, we use a
0.3 in. thick z-cut crystalline quartz vacuum win-
dow with polyethylene anti-re ection coating,
and diamond dust coating on the inner surface to

reduce thermal load. While polyethylene is not as good an anti-re ection coating as Te on
for crystalline quartz, it is easy to apply, robust and inexpensive. This window is based on
the design successfully used on the SPARO polarimeter used on the VIPER telescope also
at the South Pole (Dotson et al. 1998). This window has virtually no loss at 810 GHz, and
dramatically improved the dewar hold time and vacuum compared to earlier windows.
With all 4 mixers and ampli ers mounted in the cryostat, the measured hold time is ~3
days.

Mixers
The SIS mixers used in PoleStar were made by KOSMA. Each mixer uses a Potter horn
with a circular to half height rectangular waveguide transition to couple radiation to a Nb
SIS junction. The junctions achieve low noise (~450 - 650K) performance through the use
of an on-substrate Al tuning structure and a  x ed waveguide backshort. The mixers have
embedded magnets to suppress the Josephson effect. A four-wire bias system is used to
ensure stable operation of the mixers. The inductive stub tunes out the capacitance of the
SIS junction over the entire operating band, eliminating the need for mechanical backshort
and E-plane tuners. Each mixer is extremely compact, with a small, square cross-section
allowing easy stacking in recilinear arrays. A novel magnet probe design with a rear-

Figure 3: The JPL/UMass LO chain added
to PoleStar.
This was added during the Austral summer of
2001. This chain puts out 0.25 mW at 807.3
GHz, enough to saturate all the mixers with a
0.5 mil thick Mylar LO diplexer. This LO chain
is based on Herschel HIFI technology, using
planar tunerless multipliers and 100 GHz
power ampli er modules.
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mounted electromagnet spool allows the mixers to be packed directly against each other.
These mixers are prototype designs for the KOSMA effort to build mixers for Herschel
HIFI instrument’s band 4. Developments pushed by this effort promise to reduce mixer
noise temperatures to below 300K at 800 GHz in the next few years.

Pole Star Array AOS
The Array AOS (aAOS) built by KOSMA provides four independent spectrometer chan-
nels, each with ~1 MHz of spectral resolution over a 1 GHz bandwidth. At 810 GHz, these
numbers translate to 0.37 and 370 km/s respectively. It uses a single laser, a 4-channel,
lithium niobate Bragg cell, and a custom CCD to achieve its performance parameters. The
aAOS has been successfully tested on the IRAM 30m and CSO. This spectrometer also
bene ts from K OSMA’s contribution to the Herschel HIFI instrument, through their con-
tract to provide a multi-channel spectrometer system for the instrument (Schieder et al.
2003).

Pole Star Bias Control Hardware
The SIS junctions, the electromagnets used to suppress quantum-generated mixer
noise,and the Low Noise Ampli ers (LN As) all require noise-free, accurate electrical
biasing for reliable operation. On single-pixel receivers, providing the appropriate biasing
voltages and currents is handled adequately by individual boxes with manual potentiome-
ters and LCD panels on the front. With the advent of array receivers, however, the sheer
number of boxes required makes this kind of control impractical. The PoleStar bias system
uses proven circuit design used on single pixel receivers at AST/RO and the Heinrich
Hertz Telescope. We replace the manual potentiometers in these designs with a Xicor dig-
ital potentiometer, and package 4 channels of bias on a single Euro 96 card. These modu-
lar 4 channel cards can be plugged into a backplane in a 19” equipment rack, allowing
easy extensibility. All digital communications with the bias system are done through a bi-
directional optically isolated connection with the control computer. The I2C bus used for
digital communications has a separate clock line. The digital lines, including the clock, are
only active when changing a bias setting. The voltages and currents for the SIS junctions,
magnets and ampli ers, the total po wer from the 4 channel total power box and the cry-
ostat temperature information are read through a A/D card in the control computer. Sig-
nals from the bias system are multiplexed with Burr-Brown analog multiplexers, and read
through a single BNC output.The I2C signals needed by the electronics is generated at the
parallel port of an otherwise normal rack mounted PC running the Linux operating sys-
tem. An Intelligent Instrumentation PCI-20428W multi-purpose Data Acquisition (DAQ)
card is used for non-I2C control of the instrument.
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Noise and stability measurements
Figure 4 shows the LO
pumped IV curves of each of
the three mixers currently
functioning as of summer
2003, together with IF power
sweeps. The fourth mixer has
developed a super short and
will be replaced during the
Austral summer of 2003-
2004. The red curve shows the
IF power output when a HOT
(290K) load is placed in front
of the receiver. The blue curve
shows the response with a
COLD (77K) load After two
seasons of upgrades, PoleStar
is now working with noise temperatures close to those measured in the lab at Cologne
with an optimized test receiver. After the installation of the new LO system with Mylar
diplexer, the crystalline quartz window and properly leveling input power to both the total
power box, up/down converter and aAOS, mixer noise temperatures are between 625K
and 640K. Even with three pixels, the receiver is almost 15 times faster for mapping than
WANDA, the single pixel 810 GHz facility receiver. Receiver stability measurements on
Pole STAR were made by monitoring the IF output power of two of the receivers over
~1000 sec. The IF power variation was about 1 part in 1000 over this period.

First Light on AST/RO
Pole STAR was installed on AST/RO during a three week period from mid November to
early December 2000.  Figure 5 shows spectra taken with PoleSTAR in its latest con gu-
ration, with all upgrades. Spectra from the three functioning mixers are shown, also
towards NGC 6334. The instrument has been at the South Pole continuously since the
Austral summer of 2000.

Lessons Learned
In the process of building, deploying and operating PoleSTAR, we have learned several
lessons that we can apply to all our future designs of heterodyne array receivers. Several
components in the initial PoleSTAR design did not work as expected, and advances in
technology have allowed us to improve receiver performance and reliability. Initially, one
of the most pressing problems in developing an array for high frequency operation was the
dif culty of obtaining LO po wer. At the time PoleSTAR was deployed, our LO source
produced only 40 µW of power. This forced us to use a MPI LO diplexer since we could

Figure 4: Post-upgrade IV and total power curves from the
three functioning mixers.
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not afford to waste any LO power. While theoretically capable of delivering 100% of both
the LO and sky power, small optical misalignments destroy their performance. While
other solutions exist, especially for a  x ed tuned receiver (Silicon etalons, meandering
waveguide feeds), advancements in LO technology made this problem moot. We have
bene ted from the enormous de velopment effort created by work for the Herschel HIFI
instrument, which has increased available LO power by almost an order of magnitude
since PoleSTAR was deployed. The new, more powerful LO is easier to align and use, is
more robust, and the optics simpli cations allo wed for an improvement of more than
500K in receiver noise temperature.

PoleSTAR also went
through three iterations of
vacuum windows before
we found one with suitable
performance. Anti-re ec-
tion coated crystalline (z-
cut) quartz has the lowest
loss of any material suit-
able for large diameter vac-
uum windows. Optimally,
Te on is used for the AR
coating because its dielec-
tric constant is the closest
to the square root of the
quartz. At the time of
deployment, no company
we could  nd w ould coat a
vacuum window with
Te on. We decided to make
a window out of high density polyethylene (HDPE), 0.5 in thick with pockets milled out
for each beam. A solid window would have unacceptable loss at 810 GHz. By milling
pockets leaving a membrane of 2λ thickness behind, the window spanned the 4 in. win-
dow aperture, with acceptable loss. While this window did work, it added ~200K to the
receiver noise temperature and was subject to cracking. We next tried a window made
from ZoteFoam PPA-30 nitrogen blown Te on foam. This low dielectric constant material
holds a vacuum, and has very low loss at 350 GHz. No measurements existed at 810 GHz,
but the resulting window was very inexpensive and more robust than the HDPE window.
We found the loss to be less, but this window still added ~150K to the receiver noise tem-
perature. The loss of a slab of ZoteFoam rises rapidly above 400 GHz, possibly due to
scattering off the foam cells. We  nally chose a z-cut crystalline quartz window with poly-
ethylene AR coating as discussed in section . This vacuum window cost over $3000 US,
but is the only solution that offers good performance at 800 GHz over a 4 in. cryostat win-
dow aperture.

Figure 5: PoleStar spectra after upgrades.
Both [CI] and CO(7-6) are visible in all three spectra, taken during the
Austral summer of 2002 toward NGC6334. Since no measurement of
beam precession had been done, pointing is not known well for this
observation.
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Desert Star: a 7 pixel 345 GHz Heterodyne Array Receiver for the Heinrich Hertz
Telescope
DesertSTAR is a 7 beam, 345 GHz heterodyne array receiver for the Heinrich Hertz Tele-
scope (HHT) on Mt. Graham, AZ. The instrument uses  x ed-backshort Superconductor-
Insulator-Superconductor (SIS) mixers with a broadband waveguide probe. Instantaneous
bandwidths of 2 GHz can be achieved over the entire 345 GHz atmospheric window. A
cryostat with a Joule-Thompson (JT) mechanical refrigerator allows continuous operation
and 1.8W of cooling capacity at 4K, and provides the needed temperature stability for
low-noise operation. Local Oscillator (LO) distribution is accomplished with a novel
phase grating that yields high ef cienc y and power uniformity in a hexagonally symmetric
geometry. The computer controlled bias system is an evolution of a proven design that is
simple, portable to any computer platform, and readily extensible to over 100 channels. It
provides control and monitoring of bias, temperature and vacuum from any X-windows
capable machine, and writes an instrument status web page visible with any web browser.
The 2 GHz Intermediate Frequency (IF) bandwidth allows the future addition of a wide-
band backend optimized for extragalactic observations, with ~1700 km/s of velocity cov-
erage. The system will increase mapping speed at the HHT by a factor of ~16 compared to
the current 345 GHz receiver system.

DesertSTAR was designed for use
as a facility instrument for the Hei-
nrich Hertz Telescope, located at
10,500 ft. on Mt. Graham in south-
eastern Arizona. The telescope is a
10m Cassegrain design with Car-
bon Fiber Reinforced Plastic
(CFRP) primary re ector panels
and backup structure. The quadru-
pod and the subre ector are also
CFRP. The CFRP construction
provides very good stiffness, plus
the temperature stability neces-
sary to operate 24 hours per day
(Baars et al. 1999). The surface of
the main re ector has an RMS
roughness of ~13 µm, measured
with holography. DesertSTAR will
be mounted on the right Nasmyth
platform, bolted directly to the

telescope  ange. Figure 6 is a photograph of DesertSTAR on the right Nasmyth  ange of
the HHT during an engineering run in June, 2003. The  ange opening itself limits the

Figure 6: A picture of DesertStar mounted on the right
 ange of the HHT .
This photograph was taken during an engineering run in
June, 2003.
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maximum number of pixels. With the 2Fλ spacing of the pixels in DesertSTAR, the outer
beams clear the  ange at the 4 ω level. The beams on the sky are 22” FWHM, with 44”
center-to-center spacing, arranged in a close packed hexagonal arrangement. This con gu-
ration maximizes the number of beams through telescope  ange on the HHT , while still
preserving ~20 dB isolation between pixels.

Optics
Given that an
array receiver is
already a very
complicated
system, we
chose to make
the optics of
DesertSTAR as
simple as possi-
ble. Experi-
ence with the
PoleSTAR 810
GHz array has
shown that in
practice, com-
plex optical cir-
cuits are
dif cult to
implement in
practice with
array receivers.
With an array
architecture
based on individual mixers mounted in the focal plane, it is dif cult to control the beam
boresight to the required tolerances. Other arrays, like CHAMP (Gusten 2000) and
SMART (Graf 2000) have gone through great pains to ensure alignment of optical compo-
nents and mixers. We have chosen to eliminate all optics from the system that require
extremely tight tolerances on mixer beam boresight, and minimize the number of lenses
and mirrors. The beam from each diagonal horn is matched to the telescope with separate
High Density Polyethylene (HDPE) lens mounted directly to the mixer housing, decreas-
ing the chances of mixer squint due to horn-lens misalignment. The beams then re ect off
a single, cold 45   at mirror and directly illuminate the  at tertiary of the telescope.

Most designs use a curved mirror to cross the beam bundle at the location of the vacuum
window to minimize window size and then use another curved mirror to parallelize

Figure 7: A cutaway CAD drawing of DesertStar.
This shows the LO distribution optics, mixer array and internal  at mirror . Since
the beam bundle is not crossed anywhere in the system, optics complexity is mini-
mized. Figure courtesy Dathon Golish.
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expanding beams. We chose to keep the beams parallel throughout at the cost of increased
vacuum window size. A new material, ZoteFoam PPA-30, made it possible to construct a
4.5 in. clear aperture vacuum window with extremely low loss and good vacuum proper-
ties. ZoteFoam PPA-30 is a closed-cell polyethylene foam blown with dry nitrogen gas. A
1” thick window 8” in diameter (1.75” glue surface, 4.5” clear aperture) is suf cient to
hold vacuum with no other materials present, with acceptable de ection under v acuum,
and no noticeable helium permeability or outgassing problems. While loss is signi cant at
high frequencies, the performance from 300-400 GHz is quite good. The transmission of
the DesertStar window is 96%-98% from 300-400 GHz, adding noise of ~10K. This is
about twice the added noise of a 0.5 mil Mylar window or a Polyethylene coated crystal-
line quartz window, but can span large openings and is economical. It has been in use as a
window material in an instrument at the South Pole (AKBAR) for over two years with no
reliability problems (Kuo et al. 2002).

Local Oscillator
Local oscillator power delivery is
another dif cult problem for array
receivers. LO power must be ef -
ciently and equally divided into
each pixel. While many
waveguide techniques are avail-
able, they are complicated, dif -
cult to implement and lossy at
high frequencies. Quasi-optical
techniques can also be lossy and
complicated, with dif cult align-
ment issues. Recent work by the
Cologne and MPIfR groups in
Germany have lead to the devel-
opment of both transmissive and
re ecti ve phase gratings that form
multiple LO beams from a single
input beam through diffraction.
Our LO distribution system uses a novel re ecti ve grating design from the University of
Cologne (Heyminck et al. 1998). This design creates a 7 beam array with hexagonal sym-
metry with 80% ef cienc y and is superimposed on a parabolic mirror. This optic then acts
as a collimating mirror for the LO beam, and also forms the 7 beam array. The phase grat-
ing has an operational bandwidth of ~10% centered on 345 GHz. A simple Mylar beam-
splitter acts as the LO diplexer. Figure 7 is a cutaway CAD drawing of the LO optics and
receiver optics.

Figure 8: A photograph of three mixers installed in the
JT cryostat before testing.
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Cryogenics
DesertSTAR was designed to allow for cooled optics and have room for a second sub-
array. To achieve these goals, we designed a cryostat, with a 28” cold plate, a large 4K vol-
ume for cold optics, and a large 4K cooling capacity. The cryocooler is based on the
proven NRAO JT refrigerator, used for the facility receivers at the NRAO 12m telescope.
The unit has a 180W capacity at 77K, a 1.8W capacity at 4K, a 20K helium precooler
stage and a self-cleaning JT expansion valve. The refrigerator is mated to a commercial
Balzers cold head, and driven by a custom NRAO compressor. Cooldown tests show stable
4K operation is achieved in ~13 hours. In addition, we have used a resistive heater on the
4K cold plate to measure a cooling capacity of 1.44W. This measurement was made with
full infrared (IR) loading on the cold plate. Calculations show that the total heat load
including amps and infrared loading is 0.9W. The IR heat load is dumped to the 77K
shield with a Gore-Tex GR IR  lter . Since cryogenic testing began in 2000, we have expe-
rienced no failures of the cryogenic system.

Mixers and Cold Electronics
DesertSTAR uses 7 independent sin-
gle ended mixers, each mounted
together with a HDPE lens, isolator
and ampli er in a modular rock et,
which is cooled by the JT refrigera-
tor via a cold  nger . The simple, sin-
gle ended waveguide design uses a
diagonal feedhorn to couple the tele-
scope beam through a multi section
impedance transformer to half
height waveguide. The waveguide
backshort is  x ed and there is no E-
plane tuner. The cross-guide probe
uses the proven suspended stripline
design of Blundell & Tong (Blundell
et al. 1995). The Nb SIS junctions
were designed with an on-chip tun-
ing structure for low return loss
across the atmospheric window, permitting a  x ed backshort.The optimum backshort
position was determined via HFSS modeling. The diagonal horn was chosen because it
could be readily made with the UMass micro milling machine. While their coupling to the
fundamental gaussian mode is less than a scalar corrugated horn, diagonal feedhorns still
provide adequate broadband performance at a fraction of the cost (Johansson et al. 1992).
The beam pattern is gaussian, but the diagonal horn has about 14% crosspolarization, low-
ering it’s ef cienc y when used in combination with a linearly polarized input signal. A 4-
wire bias tee is mounted in the mixer block, and monitors junction voltage and current

Figure 9: Representative IV and hot/cold total power
curves.
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with a precision current-sense resistor. Return loss is better than -20 dB from 4-6 GHz and
leakage is less than -40 dB. Insertion loss is ~0.1 dB. The mixer produces a 4-6 GHz IF,
and is connected via a Pamtech cryogenic ferrite isolator to a Miteq 4-6 GHz cryogenic
low noise ampli er (LN A). Losses of the bias tee and isolator are less than 1.5dB from 4-
6 GHz, as measured via vector network analyzer. The Miteq ampli ers ha ve 27 dB gain,
less than 1 dB passband ripple, 30 mW power dissipation and a measured noise tempera-
ture of 7K at 4K operating temperature. The ampli ers require only a single, unipolar
0.6V bias, greatly simplifying the wiring and bias supplies. A simple superconducting coil
electromagnet provides the necessary magnetic  ux to minimize Josephson noise with soft
iron  eld concentrators embedded in the mix er block. Figure 8 shows the mixer array
inside the cryostat with 3 mixers installed.

Backends
The HHT is currently upgrading the
telescope control system and back-
end electronics for all receivers. As a
part of this effort, a modern,  e xible
 lterbank spectrometer with a 2x1
GHz bandwidth and 1 MHz resolu-
tion is being constructed. The IF pro-
cessor for this backend can process
8x256 MHz IF sub-bands for use
with DesertSTAR. This bandwidth
and velocity resolution is adequate
for a large variety galactic astronomy
projects. The  lterbank should pro-
vide extremely high stability without
the platforming problems often asso-
ciated with hybrid correlators. Dur-
ing the fall, 2003 season, we will
operate the receiver in three pixel
mode using the existing facility
acousto-optical spectrometers and chirp transform spectrometers.

Preliminary Results
Initial tests of a single array mixer/IF chain have been conducted in an IR Laboratories
LN2/4He cryostat. The test system uses a 0.5 mil Mylar LO diplexer, a 1.0 mil Mylar cry-
ostat vacuum window, and a single layer of Zitex A for IR  ltering. The  rst prototype
mixer has a very long backshort channel, that is then shortened to the proper length with
aluminum shim stock. This allows some adjustability of the backshort position. All other
mixers were fabricated with a machined, non-adjustable backshort. A room temperature
total power box and a Hewlett-Packard power detector were used for the Y-factor mea-

Figure 10: Receiver noise temperature (Mixer 1) as a
function of LO frequency.
Noise temperature is relatively  at from 326-356 GHz,
as expected from simulation.
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surements. The bias control system interrogates the output of this meter to allow total
power vs. bias voltage sweeps. Before mounting a device in the mixer block, we tested
~20 devices using a dipstick inserted into a liquid helium storage dewar.  Of the ~20
devices tested, only 3 were nonfunctional, and the remaining devices appeared to be virtu-
ally identical. The device mounted in the test block was randomly selected from the good
devices.

Test Receiver Performance
Figure 9 shows a pumped I-V curve of
the test mixer, along with hot and cold
total power curves. The bias system uses
the slope of the supercurrent at 0V to
measure the contact resistance, and then
remove it from the I-V curve. We mea-
sured Rn~48.5 Ω, a leakage current of
~3 µA and a transition voltage of ~2.3
mV. Optimum bias voltage for the high-
est Y-factor was ~1.6 mV. Uncorrected
receiver noise temperatures as a func-
tion of LO frequency are plotted in
Figure 10. We expect Trx to remain
fairly constant from ~300 GHz to ~390
GHz. Preliminary measurements indi-
cate receiver temperatures between
~55K and ~65K across the available
band, with fairly  at response, as shown
in  gure 20. These are uncorrected
noise temperatures, and include the
losses of the LO diplexer, window and
unmatched lens, along with noise from the IF chain. The LO source used in the test was
unable to tune below 326 GHz or above 356 GHz, so we could not measure the receiver
temperature over the full band of the waveguide probe.

Instrument Performance Characterization
After characterizing the performance of a single mixer in the test system, we installed the
prototype mixer, and two additional mixers with  x ed, machined backshorts into the JT
cryostat. We repeated the same tests done in the test setup, and found that the mixers
behaved identically, but with receiver noise temperatures of 60-70K. It is not uncommon
for the noise of a mixer in an array dewar to be slightly higher than in a highly optimized
single pixel test system. We believed that losses in the cryostat window material and IF
losses in the long runs of semi-rigid coaxial cable were responsible for the increase in
noise temperature. We measured the loss of the window material by inserting a slab of

Figure 11: An Allan variance plot from 160 min-
utes of total power data taken every 50 ms.
This result has been scaled to 100 MHz post-detection
bandwidth from the measured data taken with a 2
GHz post-detection bandwidth. The dotted line repre-
sents a t1/2 decrease in noise with time as theoretically
expected.
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ZoteFoam in the beam and observing the change in Y-factor. We found the ZoteFoam con-
tributed ~5K to the receiver noise temperature.

Stability Analysis
We performed an Allan variance stability analysis of the receiver to determine if micro-
phonics from the large Balzers cryo-head would negatively effect receiver stability. We
used a Hewlett-Packard power meter, sampled every 50 ms with a data acquisition card in
the computer control system. Data was taken for ~1.5 hours, and folded every 5 minutes to
lower the noise due to the short integration time. We measured the total power over the
entire 4-6 GHz IF for this test, and then scale the result to a 100 MHz post-detection band-
width, since we did not have a narrow-band 5 GHz center frequency  lter on hand. The
data were analyzed following Kooi et al. (2000), with the help of an algorithm from
Narayanan (2003). We assume a power law noise spectrum proportional to t2. Then the
Allan time scales like BW1/2. The results in Figure 11 show an Allen variance time of ~3s
for a 100 MHz bandwidth. This translates to an Allan variance time of ~30s with a 1 MHz
post detection bandwidth. This stability time is adequate for all observing modes at the
HHT.

Beam Pattern Measurement
Using a computer controlled XY stage system, we measured E and H plane cuts of the
receiver beam pattern. The source was a liquid nitrogen cold load behind a sheet of room
temperature absorber. A small hole in the absorber created a strong, negative source which
could be detected using a lock-in ampli er and room temperature chopper wheel. The 3cm
source size allowed adequate sampling of the receiver beam, and provided suf cient sig-
nal. Several scans were co-added and then  t with a 5 component gaussian. Results
showed the beam to be gaussian in shape, but the beam was more broad and elliptical than
expected. We found that the original paper on diagonal horns has an error in the formula
for the expected beam waist of the horn. The lenses were designed from the results of this
paper, but our later HFSS simulations show the actual horn beam to be wider (Johansson
et al. 1992). The over illumination of the lens results in a emergent beam 15% too broad.
We are currently redesigning the lens mounts to compensate for this effect.

Telescope Performance and Initial Results
In early June, 2003 DesertStar was taken to the HHT for a 6 day engineering run. The goal
was to identify areas of dif culty in using the receiver on the telescope, and to perform as
many performance tests and veri cations of the central mix er as possible. Overall, the
results were good with some minor disappointments. Initial installation and cooldown
were trouble free, but the receiver’s mount proved to be inadequate. The weight of the
receiver caused the mount to deform under load, and it was obvious that the mount was not
rigid enough to prevent the receiver oscillating due to the cold-head cycle. The mount was
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reinforced as a stop-gap measure, and we continued to align the receiver to the telescope.
Within two days, we had the central beam of the array on the sky, and had easily achieved
receiver noise temperatures of ~90K. Measurements with a laser level proved the cryostat
was indeed oscillating with a peak to peak amplitude of more than 40.” This oscillation
prevented us frommaking  ne pointing or focus measurements. We used spectra and maps
from extended regions to coarsely point the telescope. On centrally concentrated sources,
peak line temperature was diluted since the receiver beam was not on-source for all the
integration time. Spectra were obtained from a variety of sources including IRAS16293,
IRC+10216, DR21, CepA and S140. These data were used to verify the proper operation
of the receiver system. A representative spectrum is shown in Figure 12.

Summary
We have constructed a 2x2, 810 GHz array receiver for the AST/RO telescope. The array
utilizes a common set of re-imaging optics, an ef cient 4-w ay quasi-optical LO power
splitter, a solid-state LO, low noise mixers, a  e xible computer controlled bias system, and
an array AOS. A state-of-the-art planar, tunerless LO chain with W-band power ampli ers
can easily pump all the mixers with only a 0.5 mil Mylar LO diplexer. Upgrades and
repairs have reduced the receiver noise temperatures to between 625K and 640K per
mixer, making the system ~15 times faster for mapping than the previous 810 GHz system
on the AST/RO telescope. We have complete the  rst phase of constructing and testing a
345 GHz heterodyne array receiver for use on the Heinrich Hertz Telescope on Mt. Gra-
ham in Arizona. The instrument uses  x ed backshort, suspended stripline SIS mixers with
2 GHz IF bandwidth. Cooling is provided by a high capacity closed cycle refrigerator in a

Figure 12: 12CO (3-2) Spectrum from the central position of a map of the high
mass star forming region DR21.
This observation was made in position switched mode with an off position of 30’ in azi-
muth. A linear baseline has been  t and subtracted.
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large, expandable cryostat. We have demonstrated proper operation of the cryogenic sys-
tem and computer controlled bias system. Preliminary measurements indicate the proto-
type array mixer can provide uncorrected receiver noise temperatures of ~60K-70K from
326-356 GHz. Performance has been veri ed in the JT cryostat with 3 mix ers, and the
instrument has had a engineering run on the HHT, where it successfully collected data.
The instrument will go into regular operation on the HHT in October 2003 with 3 pixels.
The remaining 4 mixers will be added to the system in the summer of 2004, bringing the
array up to its full compliment of 7 pixels. DesertStar is the  rst operational 345 GHz
array receiver.
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Abstract

We present a design concept for a new state-of-the-art balloon borne atmospheric 
monitor that will allow enhanced limb sounding of the Earth’s atmosphere within the 
submillimeter and far- infrared wavelength spectral range: TELIS, TErahertz and submm 
LImb Sounder.  The instrument is being developed by a consortium of major European 
institutes that includes the Space Research Organisation of the Netherlands (SRON), the 
Rutherford Appleton Laboratory (RAL) in the United Kingdom and the Deutschen
Zentrum für Luft- und Raumfahrt (DLR) in Germany (lead institute). TELIS will utilise 
state-of-the-art superconducting heterodyne technology and is designed to be a compact, 
lightweight instrument capable of providing broad spectral coverage, high spectral
resolution and long flight duration (~24 hours duration during a single flight campaign). 
The combination of high sensitivity and extensive flight duration will allow evaluation 
of the diurnal variation of key atmospheric constituents such as OH, HO2, ClO, BrO 
together will longer lived constituents such as O3, HCL and N2O. Furthermore, TELIS 
will share a common balloon platform to that of the MIPAS-B Fourier Transform 
Spectrometer, developed by the Institute of Meteorology and Climate research of the 
University of Karlsruhe, Germany. MIPAS-B will provide simultaneous and
complementary spectral measurements over an extended spectral range. The
combination of the TELIS and MIPAS instruments will provide atmospheric scientists 
with a very powerful observational tool. TELIS will serve as a testbed for new
cryogenic heterodyne detection techniques, and as such it will act as a prelude to future 
spaceborne instruments planned by the European Space Agency (ESA).
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Introduction

A recent ESA study of observational requirements for future atmospheric chemistry 
missions concluded that improved observations from space of ClO, BrO and other trace 
gases would be required to understand how stratospheric ozone will respond to
changing chlorine and bromine loadings and changing climate beyond 2008 [1]. A sub-
millimeter wave limb-sounder with superconducting (SIS) receivers cooled to 4K could 
meet these requirements.  It also concluded that the sensitivity of a hot electron
bolometer (HEB) receiver cooled to 4K would be required to observe OH in the lower 
stratosphere (i.e. <20km) and stratospheric HBr for the first time. These observations by 
4K sub-mm and terahertz limb-sounders would be unique within the proposed
timeframe as well as improving substantially on preceding satellite missions.

The history of heterodyne detection of species of the Earth atmosphere is rather brief. 
The Micrwave Limb Sounder on board the US Upper Atmosphere Research Satellite 
(MLS/UARS) was the first mission [2] to measure stratospheric ozone, ClO, water 
vapor and pressure and temperature using heterodyne detection at 63, 183 and 205 GHz. 
It was active between 1991 and 1994, and employed room temperature Schottky diodes. 
Its highly improved successor on board the EOS-Aura satellite will be launched early 
2004 [2]. Although the frequency range has been extended up to 2500 GHz, it still 
employs uncooled Schottky diodes, and a double gas laser to pump the 2.5 THz mixer.
The Sub Millimeter Radiometer (SMR) on board the Swedish Odin satellite, launched 
in February 2002, measures up to 580 GHz with Schottky diodes operating at 100 K, 
thereby gaining significantly in noise performance. Instead of filterbanks, 2 digital auto 
correlators and one Acousto-Optic Spectrometer are used as back-end [3]. 
Only the planned Japanese Superconducting Submillimeter-wave Limb Emission
Sounder on board the Japanese Experimental Module (JEM/SMILES) [4] of the
International Space Station features two low-noise cryogenic superconducting mixers.

Extrapolating the current trends towards the future we foresee Earth limb sounding from 
satellite platform with superconducting receivers operating at sub millimeter and
Terahertz frequencies. Instead of gas lasers only solid state local oscillators are to be 
employed to reduce system complexity. As back end the most likely candidates are 
complete spectrometers such as Acousto-Optic Spectrometers or Digital Auto
Correlators.

Anticipating such future space borne atmospheric sounding missions and in support of 
the above scientific rationale, funding has been secured by three European national 
institutes (DLR, SRON and RAL) to develop a high sensitivity, balloon borne
atmospheric sounder that will allow simultaneous measurement of key molecular
constituents within the stratosphere.  The instrument is called TELIS (TErahertz and 
submm LImb Sounder) and will provide measurement of atmospheric constituents 
including OH, HO2, O3, N2O, CO, HCl, HOCl, ClO, and BrO that are associated with 
the depletion of atmospheric ozone and climate change. In addition, TELIS will serve as 
a testbed for a number of novel technologies in the field of low-noise cryogenic 
heterodyne detection.
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The balloon platform on which TELIS will fly also contains a Fourier transform
spectrometer (MIPAS-B developed by the Institute of Meteorology and Climate
research of the University of Karlsruhe, Germany). MIPAS will simultaneously
measure within the range 680 to 2400cm-1. The combination of the TELIS and MIPAS 
instruments is unusual and although there is no interdependency between the two, 
simultaneous operation will provide a wealth of scientific data as both a stand alone 
chemistry mission and in complement to existing spaceborne instruments, e.g., ODIN 
and Envisat.

The ambitious spectral coverage of the TELIS instrument is accomplished by use of 
three independent frequency channels: 500 GHz, 650 GHz and 1.8 THz. All channels 
will use a state-of-the-art superconducting SIS and HEB mixer technology. The
500 GHz channel is being developed by the RAL and is based on a highly successful 
instrument previously used for airborne measurements of the lower stratosphere [5]. It is 
a highly compact unit consisting of a fixed-tuned waveguide SIS mixer, cryogenic 
solid-state local oscillator (LO) chain and a low-noise intermediate-frequency (IF) 
chain. Single sideband operation is a prerequisite for this channel and is achieved 
through use of a miniature cryogenic dichroic filter that provides a 4K image
termination and image band rejection of >25dB.  The 650 GHz channel is being
developed in cooperation between IREE and SRON and is based on a single-chip
Superconducting Integrated Receiver (SIR) that comprises on one substrate a low-noise
SIS mixer with quasi-optical antenna and a superconducting Flux Flow Oscillator (FFO) 
acting as LO [6]. Tunability of the FFO shall allow for a wideband operation of this 
channel, with a goal to obtain 100 GHz instantaneous rf bandwidth or even more. The 
1.8 THz channel is based on a phonon-cooled NbN HEB mixer technology, similar to 
that under development for SOFIA by MSPU and DLR [7]. It will ultilise a cryogenic 
solid-state LO coupled to the mixer via an optical interferometer (Martin Puplett type).
The channel is designed to allow future upgrade to 2.5 THz.

Instrument design concept

The general design concept of TELIS is shown schematically in Fig. 1. TELIS has a 
common optical front end for all three channels. A dual offset cassegrain design is used
for pointing. In order to reduce size and weight an anamorphic design is applied. After 
the telescope a warm 300 K blackbody source can be switched in for radiometric 
calibration. As a calibration cold load a deep space view will be used by pointing the
telescope up by about 50 degrees. Further quasi-optical elements allow beam shaping 
and channel separation: The 500 GHz channel is separated from the two other channels 
by a polarizerer and the remaining submm and the FIR channel are separated by a 
dichroic filter. The three heterodyne receivers are located inside a custom-made 4K
Helium cooled dewar with each channel having a separate optimised vacuum window. 
The down-converted signals are preamplified and further down-converted in three
separate intermediate frequency chains. Digital autocorrelator spectrometers are utilised 
for spectral analysis. All three channels will be operated simultaneously. From the 
opeartional point this requires good coordination in the observation plans. From
technical point of view it requires very careful electronic design avoiding both
emmisions and pick-up of spurious signals. 
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Figure 1. Schematic block diagram of the TELIS instrument.

A PC board together with specially designed microcontroller units are used for control
and readout of all instrument components, for data storage and for telemetry. A real 
time pointing controller will allow accurately pointing to different tangent heights. The 
attitude information is taken from the MIPAS altitude and heading reference system.
Level sensors will determine the relative angles between the TELIS and MIPAS frame. 

The raw data is transmitted from the microcontroller to a ground computer system 
where several users can access the data and higher data products are formed.

The 500 GHz Receiver

The 500 GHz channel will target a range of atmospheric molecular species, but a 
primary goal is the evaluation of ClO, BrO and N2O in the lower stratosphere. A
calculated example of the spectral range to be observed is shown in Fig. 2 for a tangent 
of 20 km.  In addition to encompassing the ClO, BrO and N2O emissions, the spectral 
range also allows observation of O3, which is essential to allow precise atmospheric 
retrievals of the more minor species.

The spectral range to be observed places technical demands on both the 500 GHz
channel and the overall TELIS instrument concept. For example, an instantaneous 
bandwidth of 4 GHz is necessary to encompass the primary target range (shown by the 
dotted lines in Fig. 2). This necessitates multiplexing of the IF and spectrometer chain 
and also the use of a broad-band low-noise amplifier. Furthermore, it is essential that 
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spectral contamination from the image sideband of the mixer is reduced to an extremely 
low value and a goal of 25 dB image band rejection has been set. Achieving this goal 
requires the introduction of a quasi-optical filtering element into the signal path and the 
use of a high IF centre frequency.

Figure 2. Calculated spectral emission features encompassed by the TELIS 500 GHz.
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Figure 3. RAL 500 GHz compact SIS receiver channel.

The conceptual design of the 500 GHz channel shown in Fig. 3. Within this concept a 
dichroic plate filter (DCP) is used to separate the mixer signal and image sidebands 
prior to direction of the signal band into a reduced height, fixed tuned, single mode SIS 
waveguide mixer.  The image band is directed towards and terminated by a cold (~4 K)
load that ensures contaminating spectra are rejected and noise contribution from the 
image sideband is minimised. The use of the DCP filter necessitates the use of an IF 
centred at ~17 GHz which is both a demanding and unusual requirement for an SIS 
mixer.

The LO chain is formed from a x3x5 varactor multiplier combination that up-converts a 
fundamental frequency of ~ 32.3 GHz (derived from a phase- locked dielectric-tuned
resonator) to a nominal LO centre frequency of ~ 484 GHz.  With the exception of the 
fundamental frequency source, the LO chain is placed inside the receiver cryogenic 
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vessel and cooled to ~ 15 K. The available power from the LO is injected into the SIS 
mixer through a simple dielectric membrane beamsplitter with typically a 1% coupling 
factor. It is possible to tune the LO over a narrow range ±1.7 GHz in order to increase 
the instrument spectral coverage  to a nominal 7 GHz.  The total spectral coverage of the 
500 GHz channel, limited by the frequency response of the DCP, extends from 497 to 
504 GHz with a goal for the system single-sideband noise temperature of 600 K.

Figure 4. Three-dimensional concept of the RAL 500GHz compact TELIS channel.

Although similar in concept to a previously developed airborne instrument [5], the new 
TELIS 500 GHz radiometer reflects the requirements associated with a balloon borne 
environment and remote operation: that is, it must be simple, lightweight and reliable. 
In fulfilment of these aims we have developed a novel design concept that integrates the 
majority of receiver components, including the optical interface, SIS mixer, LNA, DCP, 
beamsplitter and LO, onto a single mounting plate that can be easily installed into the 
TELIS cryogenic system. The plate will be cooled to 4 K along with the majority of the 
components, but a suitable thermal insulator is incorporated between the LO and the 
plate to avoid excess vaporisation of the cryostat liquid helium reservoir. Fig. 4 shows 
the proposed concept and indicates the primary receiver components that are
encompassed within a volume of 90x95x170 mm3.

The 650 GHz Superconducting Integrated Receiver

A key element of this SRON-provided channel is Receiver (SIR), that comprises on one 
chip a low-noise SIS mixer with quasioptical antenna and a superconducting Flux Flow 
Oscillator (FFO) acting as LO [6]. The FFO is a long Josephson tunnel junction in 
which an applied dc magnetic field and a bias current drive a unidirectional flow of 
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spectral contamination from the image sideband of the mixer is reduced to an extremely 
low value and a goal of 25 dB image band rejection has been set. Achieving this goal 
requires the introduction of a quasi-optical filtering element into the signal path and the 
use of a high IF centre frequency.

Figure 2. Calculated spectral emission features encompassed by the TELIS 500 GHz.
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Figure 3. RAL 500 GHz compact SIS receiver channel.

The conceptual design of the 500 GHz channel shown in Fig. 3. Within this concept a 
dichroic plate filter (DCP) is used to separate the mixer signal and image sidebands 
prior to direction of the signal band into a reduced height, fixed tuned, single mode SIS 
waveguide mixer.  The image band is directed towards and terminated by a cold (~4 K)
load that ensures contaminating spectra are rejected and noise contribution from the 
image sideband is minimised. The use of the DCP filter necessitates the use of an IF 
centred at ~17 GHz which is both a demanding and unusual requirement for an SIS 
mixer.

The LO chain is formed from a x3x5 varactor multiplier combination that up-converts a 
fundamental frequency of ~ 32.3 GHz (derived from a phase- locked dielectric-tuned
resonator) to a nominal LO centre frequency of ~ 484 GHz.  With the exception of the 
fundamental frequency source, the LO chain is placed inside the receiver cryogenic 
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The concept of SIR looks very attractive for TELIS, foremost due to a wide tuning 
range of the FFO. Presently, the frequency range of most practical heterodyne receivers 
is limited by the tunability of the LO. For a solid state multiplier chain the fractional 
input bandwidth typically does not exceed 10-15 %. In the SIR the bandwidth is
basically determined by SIS mixer tuning structure and matching circuitry between SIS 
and FFO and up to 30-40 % may achieved with a twin-junction SIS mixer design. In a 
baseline TELIS concept, the SIR channel will operate from 600 to 650 GHz, eventually 
aiming at a larger coverage, 500 to 650 GHz, with a single device. The goal single side 
band receiver noise temperature is 400 K within this band. 

A schematical layout of the SIR channel is shown in Fig. 5. The input sky signal is fed 
through the IR filter and passes through a Single Side-Band (SSB) filter based on
Martin-Puplett polarization rotating interferometer. Further, the beam is focused onto 
the mixer by two mirrors, “M1” and “M2”. The unwanted sideband of the mixer is 
reflected by two wire grids and terminated by a 4 K cold load. The intermediate 
frequency of the mixer is amplified by a wideband, 4-8 GHz, cryogenic HEMT
amplifier (“SIR IF amplifier”) with a noise temperature of 5K. In order to reduce 
external magnetic interference to the sensitive FFO, the mixer block is shielded by two 
coaxial cans. The external layer is made from cryo-perm and the internal one is copper 
covered with 100 µm of superconduc ting led. The SIR chip is positioned far enough 
from the opening of the shielding cans, which is the only aperture for entering the signal 
beam and all electrical connections. 

Initially FFO is not a very stable frequency source with an intrinsic linewidth of 
typically a few MHz, thereby limiting the ultimate spectral resolution of the receiver. 
However, the FFO is a voltage controlled oscillator and its frequency can be stabilized 
by locking it to an external reference oscillator using a Phase-Lock Loop (PLL) system. 
There are currently two concepts of PLL system under investigation and the final choice 
between those will be made at a later stage. Presently all the components needed to 
realize either system are envisaged in the design and shown in the schematic layout. In a 
first approach a submm-wave signal from an external harmonic generator (HG), driven 
by a 20-22 GHz synthesizer, is focused by mirrors “M3” and “M4” and applied directly 
to the receiving mixer. A small part of the IF band at 4GHz, is used to monitor the 
mixing product between the n-th harmonic of the synthesizer signal and the FFO signal. 
This down-converted signal, after narrow-band filtering, controls the phase- locking loop 
(PLL) system while the rest of the IF band is used to analyze the downconverted sky 
signal. In a second approach the chip receiver contains an additional harmonic SIS 
mixer which is used to mix a part of the FFO signal with the n-th harmonic of the 
synthesizer. In this case one more IF amplifier (“PLL IF amplifier”) is used, but the 
“HG” and mirrors “M3” and “M4” can be omitted from the design. 

All receiver components depicted in the Fig. 5 will be mounted on a single 4 K plate. 
The complete receiver with a size 240x180x80 mm3 will be pre-aligned and fully tested 
before mounting into a TELIS system. 

14th International Symposium on Space Terahertz Technology

211



The 1.8 THz Receiver

Measurements with the 1.8 THz receiver will focus on the OH triplet at 1.8 THz.
However, within a range of 80 GHz a variety of species of particular interest for 
atmospheric chemistry can be observed (e.g. HO2, HOCl, NO, NO2). Therefore the goal 
is to design the receiver for the frequency band from 1.76 THz to 1.84 THz. At DLR a 
2.5 THz airborne heterodyne receiver for the detection of OH is in operation. This 
receiver is based on a gas laser LO and a room temperature Schottky diode mixer [8]. 
An example of an OH emission detected with this receiver is shown in Fig. 6. Although 
the OH emission at 1.8 THz is about a factor of four weaker than at 2.5 THz, the former 
one was chosen for TELIS because of risks associated with the development of a 
2.5 THz solid state LO. In addition, the weaker emission at 1.8 THz is partly
compensated by the higher sensitivity of the mixer at 1.8 THz.

Figure 6. OH and H2O measured with the DLR 2.5 THz airborne heterodyne receiver.

The preliminary cryogenic design is shown in Fig. 7. An SSB filter will be used to 
suppress the unwanted sideband. Coupling of LO and signal radiation is done by a 
polarizing diplexer. Three beam shaping mirrors, one for the LO and two for the mixer, 
are used. All optical components, the mixer and the IF system up to the first amplifier 
are mounted at the 4 K stage of the dewar. The multiplier chain of the LO is
mechanically connected to the same plate but thermally well isolated. The size of the 
front-end is about 220 mm × 260 mm.
The mixer is a phonon cooled hot-electron bolometer developed by Moscow State 
Pedagogical University and similar to the one described in [7]. The HEB is incorporated 
in a quasi-optical hybrid antenna with a planar double-slot feed antenna and a 6 mm
diameter lens. The lens is coated with a Parylene antireflection (AR) coating optimized 
for 1.8 THz [9]. It has been shown that the response of a HEB with a logarithmic-spiral
antenna is linear to at least 400 K [9]. With the more narrow-band design of the TELIS 
HEB mixer we expect even higher dynamic range. The IF band is from 4 GHz to 
6 GHz. A total bandwidth of 2 GHz is necessary in order to have sufficient baseline for 
the retrieval of the OH line. The IF band was chosen as a compromise between the IF 
bandwidth of the HEB mixer which is expected to be about 7GHz (-3 dB DSB noise 
bandwidth), and the bandwidth of the SSB filter and LO diplexer. The baseline SSB 
noise temperature in the IF band is 4,000 K to 6,000 K.

14th International Symposium on Space Terahertz Technology

212



Figure 7. Preliminary design of the 1.8 THz front-end.

The 1.8 THz LO will be a PLL-stabilized syntheziser multiplied and amplified to
~100 GHz. Three additional multiplication stages are necessary to yield 1.8 THz. Since 
the efficiency of these multipliers increases with decreasing operation temperature they 
will be mounted inside the dewar and cooled to about 80 K. The power required by the 
HEB mixer for optimum operation is about 100 nW [10]. However, this power is 
determined by a method known as isothermal method. It is an estimate of the power, 
which is absorbed inside the superconducting bridge. Taking coupling losses into
account the output power (goal) of the multipliers should be at least 2 µW between 
1.76 THz and 1.84 THz.

Conclusions

Within the framework of the TELIS project three European institutes are building a 
balloon borne cryogenic heterodyne instrument. Three receivers will operate at 500 
GHz (RAL channel), at 600-650GHz (SRON channel) and at 1.8 THz (DLR channel). 
The combination of the MIPAS and TELIS instruments will provide a unique balloon 
platform for atmospheric sounding. TELIS itself will be a testbed for new cruogenic 
heterodyne detection techniques. To name a few innovations of TELIS: The
compactness of the 500 GHz channel, with  its challenging high intermediate frequency 
of 15-19 GHz; the first field demonstration of the Superconducting Integrated Receiver; 
the 1.8 THz HEB mixer with its solid state Local Oscillator; the cryogenic low-noise IF 
amplifiers and the application of 2 GHz and 4 GHz digital auto correlators as back end 
spectrometers.
TELIS is presently in the phase of detailed design and early production. The three 
individual channels will de designed assembled and tested after which system
integration and test will start in 2004. A test flight is foreseen in 2005.

LO multiplier

Diplexer

HEB mixer

SSB filter

Cryogenic IF

Signal from telescope
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Heterodyne Instrumentation Development for the

 Caltech Submillimeter Observatory

Jacob W. Kooi, Attila Kovacs, T.G. Phillips, and J. Zmuidzinas

Under development at the Caltech Submillimeter Observatory is a dual polarization, 
continuous comparison (correlation) receiver. The instrument has two beams on the sky; 
a reference and a signal beam. Using only cooled reflecting optics, two polarizing grids, 
and a quadrature hybrid coupler, the sky beams are coupled to four tunerless SIS mixers 
(both polarizations).  The 4-8 GHz mixer IF outputs are, after amplification, correlated 
against each other. In principle, this technique results in flat baselines with very low RMS 
noise and is especially well suited for high red shift Galaxy work. 

At the same time an upgrade is planned to the existing facility heterodyne 
instrumentation. Dual frequency mode receivers have been development for the 230/460 
GHz and 345/660 GHz atmospheric windows. The higher frequency receivers are 
implemented in a balanced configuration, which reduces both the LO power requirement 
and noise. Each mixer has 4 GHz of IF bandwidth and can be controlled remotely.

Not only do these changes greatly enhance the spectroscopic capabilities of the CSO, 
they also enable the observatory to be integrated into the Harvard-Smithsonian
Submillimeter Array (SMA) as an additional baseline. Installation is expected to 
commence in the Fall/2003.

Keywords: Radial probe, full-height waveguide to thin-film microstrip transition, split-
block, superconducting-insulating-superconducting (SIS) tunnel junction, broad 
bandwidth quadrature waveguide hybrid, DC-break, IF match.
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CO(9-8) in Orion

Simon J. E. Radford (NRAO), Ray Blundell, Scott Paine, Hugh Gibson, 
Dan Marrone, et al. (SAO) 

In 2002 November and December, we made 1035 GHz, CO(9-8) observations of Orion from 
5500 m altitude on Cerro Sairecabur, Chile. This is about 40 km north and 500 m above the 
ALMA site near Cerro Chajnantor. We used an 80 cm telescope and a hot electron bolometer 
mixer receiver built and installed by the SAO receiver lab. In November, we obtained the first 
806 GHz and 1035 GHz spectra with the system and in December, we made a small map 1035 
GHz of Orion. During the map, the DSB receiver temperaure was about 1000 K and the 1035 
GHz zenith transmission varied from 14% to 10%. As far as we know, the only previous ground 
based observations at 1035 GHz was a single spectrum of Orion made with the same receiver at 
Mt. Graham a couple of years ago under much worse conditions (zenith transparency of 3%). 
These observations demonstrate the excellent observing conditions available near the ALMA site 
in the high Andes of northern Chile. Further observations are planned in 2003. 
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Quasi-Optics for 640 GHz SIS Receiver of International-Space- 

Station-Borne Limb-Emission Sounder SMILES 

Masumichi Seta1), Axel Murk2), Takeshi Manabe1), Junji Inatani3),
 Richard Wylde4), Takeshi Miura3), Toshiyuki Nishibori3),

and SMILES Mission Team 

1)Communications Research Laboratory, Koganei, Tokyo 184-8795, Japan. 
(E-mail : seta@crl.go.jp) 

2) Institute of Applied Physics, University of Bern, Silderstrasse 5, 3012 Bern, Switzerland 
3)National Space Development Agency, Tsukuba, Ibaraki 305-8505, Japan 

4)Thomas Keating Ltd., Station Mills, Billingshurst, West Sussex RH14 9SH,UK 

Abstract

We are developing quasi-optics for a 640 GHz limb emission sounder SMILES to be based on the 

International Space Station (ISS). SMILES is a heterodyne spectrometer and will use SIS mixers 

first time in space to detect trace molecules in the stratosphere. The engineering model of the optics 

has already been manufactured. We have demonstrated key functions such as an image-band 

rejection better than 20 dB, feeding Gaussian like beam pattern to antenna from back-to-back 

horn, supplying balanced LO power to the two SIS mixers, and radiation-shielding capability of 40 

dB against external interference radiation below 26.5 GHz. We also demonstrated that these optical 

performances could be maintained over the vibration during launch and temperature variation on 

orbit. These performances almost satisfy specifications. The optics will be assembled into the 

engineering model of 640 GHz receiver system in 2003. 

1. Introduction 

We are developing a quasi-optics for a 640 

GHz heterodyne receiver for SMILES. 

SMILES is a limb emission sounder to 

observe thermal emission from stratospheric 

molecules related to ozone depletion from 

the International Space Station (ISS). It is 

equipped with SIS mixers first time in space.  

The SIS mixer is known as the lowest noise 

device for heterodyne detection in 640 GHz 

band and it makes possible to detect 

extremely trace molecules (e.g., BrO) as well 

as precise global mapping for distribution of 

trace molecules (e.g.,O3, ClO, and HCl). The 

ISS presents a number of engineering 

challenges. The receiver must cope with 

vibration during launch, large temperature 

variation while in space, and electrical 

interference from telecommunications 

signals on the ISS. The sensitivity of the 

receiver is determined by the noises of mixer 

plus amplifiers as well as the losses in the 

input optics. The sensitivity may also be 

limited by spurious noise due to interference 

radiation and standing waves. The receiver 

optics for SMILES is designed to minimize 
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these problems while maintaining the input

loss as low as possible. 

In this paper we describe the design of the 

receiver optics and show some experimental

results of its key functions. 

Fig. 1 Schematic view of SMILES as a payload of the

Exposed Facility of Japanese Experiment Module of

the ISS. 

2. Overview of Optics for SMILES 

2.1 640 GHz SIS Receiver for SMILES

The SMILES is a payload of the Exposed

Facility of the Japanese Experiment Module 

(JEM) on the ISS. It is packed in a box with a 

dimension of 1.9 m x 1.0 m x 0.5 m and a 

mass of 500 kg as shown in Figure1. 

We show block diagram of the 640 GHz

receiver of the SMILES in Figure 2. A

mechanically scanning a 40 cm x 20 cm 

offset Cassegrain antenna receives emission

from the stratosphere. The receiver optics is

composed of an ambient temperature optics

(AOPT) and a 4K-cooled optics (COPT).

The receiver optics provides quasi-optical

coupling between antenna optics and SIS

mixers, and has a function to supply local

oscillator (LO) signal to two SIS mixers

operating in single sideband (SSB) [1], and to

shield the receiver against external

interference radiation [2]. 

The mixer output of the first 

intermediate-frequency (IF) signal

(11-13GHz) is amplified by a chain of 

20K-cooled and 100K-cooled amplifiers [3]. 

A mechanical 4K refrigerator cools down the

cryo-electronics (CRE)[4]. The IF signal is 

further amplified and down-converted into

the second IF frequency band of 1.55-2.75 

GHz by an ambient temperature amplifier

(AAMP) and an IF amplification section

(IFA) followed by two acousto-optic 

spectrometers [5]. 
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Fig.2 Block diagram of 640 GHz receiver for SMILES.

2.2 Back-to-Back Horn 

The receiver optics is connected to the 

antenna (ANT) optics via two back-to back 

horns (BBHs) [6]. Figure 3 shows the picture 

of two BBHs on engineering model of AOPT.

The BBH for SMILES is an overmoded

waveguide with corrugated wall whose 

apertures on both ends are designed to match

input and output beams. The BBH has two 

outstanding functions in the optics. 

One function is electromagnetic shielding 

capability. The narrow inner diameter of the 

waveguide of the BBH works as a cut-off
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filter, while keeping small loss because the

BBH acts as a oversized corrugated 

waveguide at frequencies around 640 GHz. 

Electromagnetic interference radiations

within the SMILES IF band (11-13 GHz) 

might cause spurious signals in observed 

spectra. We protect the SIS mixers and

cooled amplifiers against the interference

radiation of 2 V/m below 26.5 GHz expected 

on the ISS. We require radiation shielding 

more than 54 dB for the SIS mixer and the 

amplifiers to suppress the spurious signal 

below 1.5 K. The main-frame structure of

the SMILES payload provides a 14 dB 

radiation shielding, so the shielding

requirement for the cryostat placed within the 

frame is relaxed to 40 dB. The cryostat is 

designed to provide >40 dB shielding when it 

is connected to the AOPT by metallic bellow

around it. Thus the frame of the AOPT is 

required to have shielding capability of more

then 40 dB. The shielding requirements for

the BBH is 54 dB that is lager than the

requirement for the frame since the BBH is

opened to outer space of the main frame for 

the SMILES though the alignment panel. 

Fig. 3 Picture of engineering model of AOPT.

Second function of the BBH is to separate 

the basic design of optics at each side of the 

BBH aperture. The AOPT and antenna

optics is placed on opposite side of the 

alignment panel that is a reference plane for 

all the optical components. Thus we can

specify the position of the BBH and the beam

parameters at the aperture of the BBH as 

interface conditions for basic design of the 

optics. The separation in design is useful for 

fabrication of a big system where different

groups develop several components.
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Fig. 4. Schematic diagram of the optics.

3. Single Sideband Filtering and Local 

Oscillator Signal Diplexing

3.1 SSB Filtering 

We show the schematic diagram of the 

receiver optics in Figure 4. One feature of the

optics of the SMILES is operation of two SIS

mixers simultaneously in SSB mode for the

upper sideband (USB), 649.12-650.32 GHz , 

and lower sideband (LSB), 624.12-625.52 

GHz. An image rejection ratio larger than 15 

dB is required for the SSB filter. We

developed a new type of SSB filter consisting
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of Frequency Selective Polarizers (FSP). The 

FSP is composed of a flat mirror and a wire 

grid.  The FSP-type SSB filter has two

advantages over the conventional

Martin-Puplett interferometer (MPI) in that it

is almost free from undesired residual return 

reflection which causes harmful standings 

waves, and it can be made thermally stable 

for fixed tuned applications [7,8]. 

3.2 Diplexing of the LO Signal 

The new SSB filter is composed of two 

FSPs, a polarizing grid (RG1) in AOPT, and 

an analyzing grid (CG1) in COPT (Figure. 4).

It is a four ports device for lineally polarized

beams. It is an interferometer working in the

same operational principle for the

conventional MPI [8]. The orientation of a 

the grid of FSP A should be parallel to that of

the grid of FSP B, and be 45° tilted that 

respect to the orientation of the grids of RG1 

and CG1 in the projected plane perpendicular 

to the direction of propagation. The +45° and

-45° polarized beam ports are assigned to the 

SIS mixers for LSB and USB, respectively.

The grid RG1 in AOPT selects a +45° 

polarized beam as the signal from 

stratospheric emissions via BBH for ANT.

The –45°polarized beam in the AOPT is 

assigned for cold sky termination (CST)

signal plus LO signal. The cold sky port is

terminated to cosmic back ground radiation 

via BBH for CTS. The grid-mirror spacing

(d1and d2 of Figure 4) of the FSPs 

determines the power coupling 

characteristics between these ports. We chose 

the spacing so that one of the SIS (USB) 

mixers couples to the signal port in USB 

while it couples to the CST port in LSB. The

other SIS mixer was tuned for detection of

the signal in LSB automatically by the choice

of the separation. 

The AOPT also serves as a diplexer for LO 

signal. There are several quasi-optical

dilplexing methods. The dielectric thin film

coupling is the simplest diplexer. However 

loss at the film cannot be ignored for the

sensitive detector for SMILES. An additional 

MPI could be used for diplexing without 

introducing additional loss. However it 

requires additional optical components that

may increase possibility of troubles in space.

We use a freestanding wire grid as a 

diplexer. The 637.32 GHz LO source on the 

AOPT is composed of 106.22 GHz fixed 

tuned Gundiode followed by doubler and 

tripler. The wire grid LG1 combines signal

from the LO source and signals from the

image terminating CST (Figure 4). The 

power coupling ratio of LO source to the

signal is determined by the orientation of the 

grid wire of LG1 relative to that of RG1. The

coupling ratio should be minimized as far as 

enough power is supplied for the SIS mixers,

since a large coupling ratio increases the

effective temperature of the image terminator

and increases standing waves between the 

SIS mixer and the LO source. We designed 

to couple 5% of the output power of the LO 

source to the signal path. Absorber for grid 

RG1terminates the remaining 95% power of

the LO signal. 

The LO signal coupling balance to the SIS 

mixer is determined by the bandpass

characteristics of the SSB filter. We supply

the power of LO signal equally to the two 

SIS mixers. Two SIS mixers for USB and 

LSB are designed identically, so the same

amount of LO signal power is required for 

operation. The cross polarization leakage of
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the grid RG1 is a possible source of the 

frequency shift of the SSB filter. Thus we 

inserted a cross polarization clearance grid 

LG2 in front of the grid RG1. The cross 

polarization could be reduce by the tandem

of wire girds set to the same projected angle. 

3.3 Measurements of Bandpass 

Characteristics

We measured the bandpass characteristics of

the engineering model of AOPT [9]. 

Bandpass and image rejection characteristics 

between the antenna-side BBH input and the

COPT-side output port were measured for

the LSB or USB port of the COPT by 

selecting proper linear polarization. Figure 5 

shows measured bandpass and image

rejection characteristics around the LSB and 

USB. In this figure, image rejection ratios

better than 20 dB are achieved over the LSB 

and USB simultaneously. The internal 

reflections within the AOPT are also

measured [9]. The reflection at the FSP was 

found to be below detection limit of –60 dB. 

This confirms the low reflectivity of the FSP.

We conclude that the new SSB filter based

on the FSPs satisfies the requirements for 

SSB filtering for SMILES.

Fig. 5 Measured bandpass characteristics of AOPT.

The measured cross-over characteristics

around the LO signal frequency of 637.32 

GHz are shown in detail in figure 6. It shows

balanced coupling of the LO signal with

imbalance of 0.6 dB. This good balance was

realized by good machining of mirror-grid

distance and reduction of cross polarization 

leakage in polarizing grid (RG1 plus LG2 in 

Figure 4) of the FSP based SSB filter. We

checked that removal of cross polarization

cleaning grid LG2 increased the coupling

imbalance from 0.6 dB to 6dB. We also 

measured 5% coupling efficiency of the LO

source to the COPT by using a submillimeter

wave power meter. The power meter

received 25 W of LO signal at the COPT 

window of the AOPT when the LO source 

was operating in the AOPT. It corresponds to

the 5% of the LO signal output power of 0.5 

mW that is measured for engineering model

of the LO source. We consider that the 5%

LO signal power coupling to the SIS mixer

with imbalance of 0.6 dB satisfies the

requirements of the diplexer for SMILES.

Fig.6 Measured band pass characteristics around the

LO frequency.

4. Transformation of Beam 

4.1 Design of the Beam Transformation

The loss in the input optics is specified as

below 1.7 dB for SMILES to realize an SSB 
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receiver noise temperature below 500 K. We

use focusing mirrors and horns for quasi 

optical beam transformation elements that are

superior to other beam propagation method 

in 640 GHz. Several attentions were paid for 

further reduction of the losses in quasi-optical

design such as employment of large aperture

mirrors to keep beam truncation level below

–40 dB in terms of the fundamental Gaussian 

mode, and small off axis angle for 

suppressing generationof cross polarization. 
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Fig.7 Propagation of quasi-optical beam from mixer

horn to BBH. The radius shows 1/e amplitude radius of 

the Gaussian beam.There are three requirements for the design 

of the beam transformation for SMILES. We

designed the optical parameters based on the 

analyses of the fundamental Gaussian mode.

One restriction is size of the window of the 

cryostat. The smaller one is better for the

cryogenics. The cryostat and refrigerator is 

designed to allow the cryostat window size

not more than 25 mm in diameter. Second 

restriction is the size of diameter of the BBH. 

The diameter of the BBH should be smaller

than 6.4 mm so as to work as a cutoff filter 

against radiations below 26.5 GHz. Final

requirement is production of image of the 

mixer horn at the aperture of the BBH. It is 

known that Gaussian beam parameters

become frequency independent at two image

planes. The frequency independent beam 

reduces losses due to miss coupling of the 

beam at the apertures of the horns. It also

reduces the reflection there.

  We optimized positions and lengths of the 

three focusing mirrors to realize these

requirements as summarized in Table1. We

show beam transformation along the optical 

path from the mixer horn to the BBH for 625 

GHz and 650 GHz that are representative for 

LSB and USB in Figure 7. The two lines are 

almost overlapping. We confirmed that the

Guassian beam parameter of radius of 

curvature R and beam radius W is identical

for over the frequency range between 624.12 

and 650.32 GHz at the apertures of the BBH 

(W=1.9 mm, 1/R=0) and the mixer horn 

(W=1.45 mm, R=16 mm). The beam waist is 

placed around the window of the cryostat, 

although there is negligible small difference

for the position and size of the beam waist 

between the two beams. The beam

transformation is designed identical for signal

path (SIS-FSP-BBH for ANT) and cold sky

path (SIS-FPS-BBH for CST). The 

frequency independent beam condition is 

relaxed for LO path (SIS-FSP-LO) since LO

signal frequency is fixed at 637.32 GHz. 

Name Distance Focal length

Mixer horn 0

CM2 50.00 mm 48.65 mm

RM6 530.669 mm 134.29 mm

RM5 825.669 mm 48.92 mm

BBH 893.859 mm 4.2 Beam Pattern Measurements

We evaluated the design of beamTable 1 Position and focal lengths of focusing mirrors.
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transformation by the output beam pattern 

from the BBH. We measured the phase and 

amplitude of the beam from the BBH by AB 

mm vector network analyzer [9-11]. We

placed the detector with a focusing mirror

and wire grid at the COPT port of the AOPT

that simulates the COPT. We radiated the

BBHs by test signal from another horn and 

scanned it. 

We show a beam pattern for a BBH for 

ANT measured at 649.32 GHz in Figure 8 

and Figure 9. There is a good agreement

between the theoretical calculations and

measured one down to –20 dB. The 

theoretical pattern simulates the beam from

an ideal corrugated horn by CORRUG. This 

good agreement suggests that our optical 

design and manufacturing process are good. 

There is small distortion below -20 dB levels. 

The distortion in –20 dB levels is close to the

boundary of a level above which the antenna 

beam efficiency was degraded by 1%. We

consider that the measured pattern is

acceptable for feeding the antenna. 

Fig. 9 Measured beam pattern of phase from a BBH.

5. Shielding of Interference Radiation 

5.1 Shielding of the Frame Box of Optics 

The frame box of AOPT is required to have 

shielding capability more then 40 dB below

26.5 GHz. The basic structure of frame box 

of AOPT is aluminum plates (Figure 3). We

inserted a conductive rubber tube when we 

stuck the plats together to improve the

shielding. There are six feedthoughs in the

frame of the AOPT for biasing cables for LO

source. We put Indium for mounting of the 

feedthoughs. These shielding techniques 

should be good enough for the 40 dB 

requirement of the frame box of the AOPT.

5.2 Measurement of Radiation Shielding

We evaluated the radiation shielding

capability of the engineering model of the 

AOPT alone. The COPT-side window was 

shielded by an aluminum plate to simulate

the shielding provided by the cryostat and the 

bellow. The basic procedure of the shielding

evaluation is to measure the shield level

inside the AOPT when it is irradiated from

outside. We used a level as reference one 

when we exposed the emitting probe of the 

Fig. 8 Measured beam pattern of amplitude from a 

BBH.
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test radiation to the detector. The received

power should decrease when we put the 

probe in the AOPT. We define a shielding

capability as the amount of the decreased 

power. We swept the frequency of the test 

radiation from 2 GHz to 20 GHz with a 

frequency step of 0.1 GHz. 

We show measured results of the shielding

of the AOPT for three different orientations

in Figure 10. It shows the AOPT has 

shielding capability more than 40 dB for the

measured frequency range of 1 to 20 GHz. 

This shielding level is good enough for our 

requirement of >40 dB. 

Fig. 10 Measured shielding capability of AOPT.

6. Environmental Conditions as a Space 

Instrument

The optics of the SMILES is designed to 

survive the vibration during launch and 

temperature variation on orbit. SMILES will 

be transported to the ISS by Japanese HII 

Transfer Vehicle launched by the HII rocket. 

The AOPT is placed on the alignment panel 

of the payload of the SMILES (Figure 1). 

The AOPT is required to survive 15 Grms

level vibration for qualification test on 

ground. The test vibration level of the COPT

is 26 Grms that is higher than the test level

for the AOPT because there is some

amplification of the vibration in the

supporting mechanism of the 4Kstage for 

COPT. The AOPT is also required to survive 

temperature variation between –40 degC to 

+60 degC. The circulating coolant supplied 

by JEM controls the temperature of the 

AOPT between 15 degC to 40 degC on 

normal operation. We tested the variation of

the optical performances before and after the 

vibration and thermal cycling test. 

The null position of the bandpass 

characteristics is good probe for examining

the change in optical performance since it is 

sensitive to the small change in

configurations such as grid-wire distance and

orientation of optical elements. We show

how the null poison changes over the test in

Figure 11. There is small change in the

frequency. The 200 MHz shift is close to the 

measurement error. The value of frequency

shift is acceptable for SMILES in the senses

that this shit will not degrade achieved image

rejection ratio better than 15 dB and balanced 

LO signal coupling to the SIS mixers. We

conclude that the optics for SMILE passed

the vibration and thermal cycling test.

Fig. 11 Variation of null position of the band pass

characteristics over the environmental test. 
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7. Conclusion 

We have fabricated engineering model of the 

receiver optics for International Space station 

(ISS)-borne limb emission sounder SMILES. 

We showed that antenna feeding beam 

pattern agreed with theoretical calculation 

down to –20dB. We showed image rejection 

of 20 dB at the USB and LSB using a par of 

Frequency Selective Polarizer (FSP) as a 

SSB filter. We showed the balanced LO 

injection to the two SIS mixers. The internal 

reflection within the optics is very low < -50 

dB for the signal path. We showed that 

shielding capability of the frame box of the 

optics is better than 40 dB that is large 

enough to protect SIS mixer and cooled 

amplifiers from interference radiation 

expected on the ISS. We showed that the 

optical performance would not be affected by 

vibration during launch and temperature 

variation on orbit. These performances 

satisfy the specifications imposed on the 

optics for SMILES. The optics will be 

integrated into the engineering 640 GHz 

receiver in 2003. It will show low SSB noise 

of less than 500 K. The receiver will be 

refurbished in 2004 for flight model. The 

launch date of SMILES is postponed from 

the original schedule due to some reasons for 

development of the ISS. We expect to 

operate the SMILES from 2007 for at least 

one year. 
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Quasiparticle mixing and Josephson electrodynamics in non-uniform 

parallel junction arrays 

F. Boussaha, M.Salez, Y.Delorme, F. Dauplay, A. Feret, K. Westerberg, B. Lecomte 

LERMA, Observatoire de Paris, 77 avenue Denfert-Rochereau, 75014 PARIS 

Multijunction arrays represent an attractive alternative to single junction SIS mixer devices to 
provide wideband heterodyne mixers, without the complication of high current density. We 
have designed such 5-junction arrays to operate in the 460-650 GHz bandwidth.. Our FTS 
(Fourier Transform Spectroscopic) and heterodyne measurements performed on arrays of 1-
µm² junctions with current densities ranging from 4 to 13 kA/cm², confirm the bandwidth 
improvement brought by the multijonction arrays combined with a high mixer sensitivity. We 
also investigated the static and dynamical states of the Josephson tunnel current in these 
arrays. The presence in I-V curves of resonant zero-field steps (ZFS), usually observed in long 
Josephson junctions (LJJ), indicates the occurence of fluxon motion, and allows to foresee 
new applications for these devices, not only as mixers but as submillimeter-wave LO sources.  
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Investigation of the performance of a 700 GHz
 nline mixer

P. Grimesa, P. Kittaraa, G. Yassina, S. Withingtona and K. Jacobsb

aCavendish Laboratory, Madingley Road, Cambridge, UK.
Email:p.grimes@mrao.cam.ac.uk

bKOSMA, I Physikalisches Institut, University of Cologne, Cologne, Germany

Abstract

We report the successful operation of an SIS  nline mixer at frequencies above and
below the superconducting gap of Nb. The mixer is fed by an antipodal  nline taper
deposited on a quartz substrate in one piece with the Nb-AlO�-Nb tunnel junction and
Nb tuning circuitry. RF power is coupled to the waveguide mounted  nline mixer chip
via a Pickett-Potter horn-re ector antenna and the mixer is tuned by a novel three-stage
Chebyshev  lter and radial stub tuner. We describe the design and testing of the mixer
between 640 and 710 GHz, paying particular attention to the evaluation of conduction
losses in the  nline chip, and the prediction of the conversion gain of the mixer. Our
results show that  nline mixers can have good performance both above and below the
superconducting energy gap.

Introduction
We have previously reported the successful operation of  nline based mixers at 230 GHz[1]
and 350 GHz[2], and the preliminary testing of a  nline based mixer at 700 GHz[3]. We
have achieved mixer performance comparable to that of conventional waveguide mixers
at low frequencies, but our previous 700 GHz mixer’s performance suffered from poor
conversion gain, mainly because the particular device tested was tuned above the band of
our LO source.

The  nline design offers a number of bene ts over more conventional designs, includ-
ing:

� High performance, wide bandwidth mixer feed
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(a) Mixer block assembly, with re ector
and mouth of horn on right side.

(b) One half of the mixer block, showing
Potter horn and IF CPW.

Figure 1: The aluminium split mixer block.

� Simpli ed mixer block design, as no backshort is required

� Easier handling of the large mixer chip

the latter two of which are particularly pronounced for high frequency designs. In fact,
once the RF signal is con ned to the microstrip, the mixer is unaffected by changes in,
or removal of the surrounding mixer block. The large chip and lack of mechanical tuning
also allows the fabrication of devices with integrated RF circuitry such as on-chip image
separation circuits[4] and also back-to-back  nlines for interferometric operation and on-
chip LO coupling, a design we are already testing at 350 GHz[5].

The  nline mixer design necessarily includes a length of superconducting transmission
line between the mixer feed and the SIS tunnel junction. At frequencies above the super-
conducting gap, conduction losses in this line will degrade the performance of the mixer. A
 nline mixer fabricated from a single superconducting material will only work well above
the superconducting gap if these losses are small. Although the losses in many transmission
lines can be rigorously calculated, most of this transmission line is part of the  nline taper,
the losses of which cannot easily be analysed by any one rigorous technique. Conventional
waveguide probe mixers are also degraded by conduction losses in their superconducting
transmission lines and tuning circuits, but it is not clear whether an all-Nb  nline mixer can
achieve similar or better performance than an all-Nb waveguide probe design above 700
GHz.
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Mixer Design
The 700 GHz mixer described here is fed by a Pickett-Potter horn-re ector antenna, a de-
sign which ensures a low side-lobe level and high directivity beam, while simplifying mixer
block machining[6, 7]. The mixer chip itself comprises an antipodal  nline taper, super-
conducting microstrip, an SIS Nb-AlO�-Nb tunnel junction and a three-stage, Chebyshev
section tuning circuit. The mixer chip is held within slots machined into the sides of the
split aluminium mixer block waveguide so that the tip of the  nline taper protrudes into the
throat of the horn. The mixer chip also has niobium corrugations deposited as part of the
 nline structure to prevent RF power leaking into the slots holding the chip.

The mixer’s IF output is taken from bonding pads on the chip by ���� bond wires
connected to a ground-backed co-planar waveguide, leading to an SMA connector. The IF
signal is then passed through an isolator before being ampli ed by a cryogenic ampli er ,
with a noise temperature of �� �� across a 4 GHz band centred at 4 GHz.

PPHR Antenna
The mixer described in this paper is fed by a Pickett-Potter horn-re ector (PPHR) antenna,
a design chosen to avoid the complexity of machining the large number of deep, narrow
grooves required for a corrugated horn at 700 GHz. The Pickett-Potter horn is a dual mode
feed employing a single step discontinuity at the throat of a conical horn to excite a small
fraction of the ���� mode, in combination with the dominant ���� mode. The horn length
and the radii at the step are chosen such that the aperture  elds become plane-polarised,
similar to the  eld of a corrugated horn at the design frequency. The circular waveguide
feed of the PPHR is gradually transformed to the ������ ����� rectangular waveguide
holding the mixer chip.

We have previously shown[3], using modal matching simulations and experiment, that
this design gives similar performance to a corrugated horn-re ector antenna over at least a
��� band (corresponding to a 100 GHz band for a 700 GHz centred feed). In particular,
we have used a previous  nline mixer chip within the mixer block as an SIS direct detector
to make direct measurements of the mixer’s beam pattern and cross polarisation levels.

Finline Taper
Radiation from the PPHR antenna is coupled to the mixer chip via an antipodal  nline
taper, embedded in the waveguide at the throat of the horn. The  ns form the base and
wiring layers of the tunnel junction and are fabricated from ����� and ����� thick Nb
respectively, separated in the region of overlap by ����� of SiO. The whole of the mixer
chip structure is deposited on a ���� quartz substrate, which has a point extending along
the waveguide to provide a smooth transition from empty waveguide to waveguide with
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Figure 2: A 700 GHz  nline mixer chip. RF signal enters the chip from the left and IF and
Bias connections are on the right.

a dielectric across the centre. At the throat of the horn, the  nline acts as a unilateral
 nline, with an impedance of several hundred Ohms. As the  ns converge, the impedance
is gradually reduced to approximately ��� at the point where the  ns overlap. Beyond
this point, the width of overlap is gradually increased, and when the width is large enough
that the fringing effect can be ignored, a transition to ���, ��� microstrip takes place.
Once the  ns begin to overlap, the  elds are con ned to the planar structure, and so are
insensitive to the waveguide geometry. The only accurate machining required in the mixer
block, apart from the horn, is the slot which holds the substrate within the waveguide. We
have previously reported theoretical methods for the synthesis of  nline tapers, and have
successfully used these to design feeds for 230 GHz and 350 GHz mixers[1, 2].

Tuning Structure
Good mixer performance requires ef cient tuning of the junction capacitance over design
bandwidth of the mixer. In our previous designs, at lower frequencies, we have employed
single ��� end-loaded stubs for this purpose. At higher frequencies this design is less
attractive as the stub length becomes comparable to the junction dimensions, and may
also be strongly affected by fabrication tolerances. Consequently we have investigated an
alternative tuning mechanism based on a three-stage Chebyshev section and a half moon
radial stub RF choke.

Initial design was carried out in a lumped element model using Agilent Design Studio
to optimise the length and characteristic impedances of the four microstrip elements of
the tuner to give the maximum return loss. However, veri cation of the resulting design
using Sonnet Software Inc.’s "em Suite" software gave signi cantly different tuning to the
lumped element model. This is to be expected as two of the three microstrip sections are
substantially wider than they are long, and so the two dimensional nature of the currents
in the step regions must considered. The closeness of these steps in microstrip width also
make it dif cult to obtain the low impedance required for the middle section, thus limiting
the bandwidth of the mixer. Further design work was carried out wholly within Sonnet.

The last section of the tuning structure (nearest to the junction) is only ��� long. The
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Figure 3: The microstrip tuning structure used on this mixer. RF signal enters down the left
hand microstrip and IF signal leaves from the right.

effective length of this section may therefore be altered by fabrication tolerances. Tests
in Sonnet with the junction misplaced by up to ����� have shown signi cant changes in
tuning. However, fabrication tolerances on the junction’s characteristic impedance give
even greater shifts in tuning.

Device Fabrication
The mixer chip was manufactured by KOSMA, University of Cologne on ����� Infrasil
quartz. The chip was fabricated in  ve steps:

� Sputtering of Nb-AlOx-Nb trilayer (�����, ���� and ����� thickness respec-
tively), and lift-off to form the lower  nline and ground plane for the tuning circuit

� Junction de nition lithography and reactive ion etching of upper Nb layer of trilayer

� Evaporation of  rst ����� SiO insulation layer

� Evaporation of second ����� SiO insulation layer

� Sputtering of ����� Nb wiring layer and upper  nline, with ���� Au protection
layer

Two insulation layers are used to allow reliable contact to the junction while achieving
the low impedances necessary for the three stage tuning structure. Before mounting in the
mixer block the chip is diced to size, the point is diced on the substrate at the mouth of the
 nline, and the chip is thinned from ����� to ����.
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Figure 4: Hot-Cold load mixer test results at 2.5 K.

Results
The particular chip used for these mixer tests was selected on the basis of the Fiske reso-
nance shown by the device during initial dipstick testing, and relatively low leakage cur-
rent. The voltage biased I-V curve obtained during these tests showed a Fiske resonance at
����� ���� mV, equivalent to ���� �� GHz, with a gap voltage of ���� mV, equivalent to
672 GHz.

Mixer tests were carried out at a physical temperature of 2.5 K, achieved by pumping He
vapour out of the dewar to reduce the vapour pressure to� ��� mBar. Lower temperatures
can be achieved with this system, but the performance of the IF ampli er was found to
degrade on reducing the temperature to � ��� K. At ��	 K the gap voltage of the device
was increased to ���� mV, equivalent to 682 GHz.

The mixer was tested with a Gunn diode LO using a doubler-tripler multiplier chain,
with LO power injected by way of an ��	��mylar beamsplitter. This LO scheme provided
suf cient power to pump the mixer between 642 GHz and 714 GHz. In  g. 4(a), we show
the DC response of the mixer, both with and without LO power at 690 GHz, as well as
the hot and cold load IF output powers. DSB receiver noise temperatures ( g. 4(b)) were
measured by the Y-factor method giving a best receiver noise temperature of 250 K, and
the mixer conversion gain was calculated ( g. 5(a)), after calibrating the IF output power
using the method of Woody.
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Figure 5: Mixer conversion gain and junction embedding impedance calculated from mixer
test results.

Device Tuning
The embedding impedance seen by the tunnel junction greatly affects the gain of a SIS
mixer, and is responsible for the tuning of the mixer. In order to accurately simulate the
gain and tuning of the mixer we have attempted to recover the embedding impedances and
LO pump levels by matching the pumped IV curve calculated from the unpumped IV curve
to the measured pumped IV curve[7]. The calculation of the pumped IV curve is based
on our recently reported nonlinear mixer theory[9], with the embedding impedance and
LO pump power being varied by a downhill simplex algorithm, until the best match to the
measured pumped IV curve is found.

The recovered imaginary part of the embedding impedance is shown in  g. 5(b), and
indicates that the mixer is tuned just above 702 GHz. This agrees well with the position of
the Fiske resonance.

Simulations
The nonlinear mixer theory, mentioned above, can be used with the embedding impedance
results and the measured unpumped IV curve to simulate the gain of the mixer. In order to
get results that are comparable with the experimental results we must take into account the
losses in the receiver optics and RF circuitry. For frequencies above the superconducting
gap (682 GHz) we expect considerable conduction losses from the large amount of Nb
transmission line between the mixer feed and the tunnel junction. This is in addition to
effective losses due to re ection from the tuning structure at frequencies where there is an
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Figure 6: Results of simulations of the tuning circuit and mixer gain simulations.

impedance mismatch.
In order to obtain values for both of these contributions to the RF losses, we have sim-

ulated the tuning circuit using “em Suite”, a method of moments planar circuit simulator.
The simulated circuit included the tuning structure, RF choke and ����� of microstrip
that connects the  nline taper to the tuner, as well as an extra ����� of ��� microstrip to
account for the loss of the  nline taper. The surface impedance and conductivity of the nio-
bium used in the circuit was calculated from Mattis-Bardeen theory[10], and an effective
junction capacitance of 85 fF was used.

The results from “em” show that the best power coupling to the junction is achieved at
680 GHz, with a loss of -0.3 dB, which increases rapidly on either side of this point, due to
poor impedance match on at lower frequencies, and increasing conduction losses at higher
frequencies. The portion of the available power (after conduction losses) coupled to the
tunnel junction is greatest at 690-702 GHz, in agreement with the embedding impedance
results above.

The losses in the beamsplitter and ����� polythene dewar window were calculated as
0.2-0.4 dB across the LO band using the methods of Goldsmith[11] and subtracted from the
simulated gain. An IR  lter is also present in the optical path which will give some losses,
as will any re ections from the horn and  nline taper, although these should be small at
700 GHz, the design frequency of the mixer feed.

The simulated values of the gain agree well with the experimental results at frequencies
below the gap, while there is a difference of 1-2 dB above the gap. This difference is
probably attributable to an underestimation of the conduction losses in the circuitry. Well
below the gap, the conversion gain is fairly low, mainly as a consequence of the narrow

14th International Symposium on Space Terahertz Technology

254



tuning of the mixer.

Conclusions
We have designed and tested an all Nb  nline SIS mixer over the frequency range 640-710
GHz, fed by a Pickett-Potter horn re ector antenna.

We have been able to recover the embedding impedance and LO power levels of the
mixer from experimental data using a fully nonlinear mixer theory, and then used this
theory to accurately the conversion gain of the mixer. The predicted and measured gains,
which have a typical value of -8 dB, agree very well below the superconducting gap, and
within 1-2 dB above the gap. The ability to predict the gain is a key factor in improving the
performance of future mixers.

The best measured receiver noise temperature of � ��� K was obtained just above
the superconducting gap, and is comparable to results published in the literature for more
conventional all-Nb waveguide probe mixers[12].

The performance of this mixer con rms that  nline mixers perform well at frequencies
around the superconducting gap. In combination with the excellent results we have recently
obtained using a 350 GHz back-to-back  nline receiver as both an interferometer and a
mixer where the LO and signal are combined on the chip after being fed by separate  nlines,
we believe that it should be feasible to make complicated integrated receivers, such as
side-band separating mixers, at frequencies at least as high as 700 GHz. As part of our
development of  nline mixers we are testing devices with the niobium  ns replaced by
aluminium, in order to understand the losses better. This work will also allow the use of
alternative, higher gap superconducting materials while still using Nb-AlO�-Nb junctions.
In combination with the simpli ed fabrication of the Pickett-Potter horn and  nline mixer
blocks over corrugated horns and waveguide probe mixer blocks, this work should allow
complex  nline mixers to be designed at frequencies above the superconducting gap.
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Investigations into the effect of reflections at the RF and LO ports of an SIS mixer 

Nicholas D. Whyborn 
(N.D.Whyborn@sron.rug.nl) 

National Institute for Space Research (SRON), Groningen, the Netherlands 

Abstract:

The effect of reflections at the signal and local oscillator (LO) ports of an SIS mixer has been 
calculated using the Tucker mixer theory. As expected, it is found that the reflections affect 
both the mixer conversion gain and mixer effective input noise temperature with the 
magnitude of these effects depending on the details of the mixer matching circuit. For a well 
optimised single sideband SIS mixer working below the gap frequency it is found that a 
-40dB source reflection coefficient can give 2% peak-to-peak IF ripple. For a double sideband 
mixer, the input reflection also modulates the sideband ratio and a peak-to-peak variation of 
4% is found for a -40 dB source reflection coefficient.

The results are discussed in the context of mm & sub-mm wavelength radio astronomy 
systems where potentially important sources of reflections include the telescope and the LO 
source. By considering the sensitivity of the mixer to input reflections, upper limits to the 
allowed input reflection coefficient and the dimensional stability of the round trip path-length 
are derived.
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Development of NbN Terahertz HEB Mixer Devices and Films*

Eyal Gerecht and Ashok Bhupathiraju

National Institute of Standards and Technology

Boulder, CO 80305

John Nicholson, Dazhen Gu, Yan Zhuang, Fernando Rodriguez Morales, Xin Zhao,

Richard Zannoni, and Sigfrid Yngvesson

Department of Electrical and Computer Engineering, University of Massachusetts 

Amherst, MA 01003

AB STRACT - Until re cently, the thin-film NbN sam ples used by most re search groups

study ing phonon-cooled hot elec tron (PHEB) de vices across the world have been produced

in Mos cow (MSPU). We have de veloped a pro cess for fab ri cating NbN thin films at the Na-

tional Institute of Stan dards and Tech nology (NIST) in Boul der, CO.  A two-fold ap proach

has been taken.  One ap proach is to maximize the crit ical tem perature, but at the ex pense of

IF band width and noise temperature. With this ap proach, we can hope to de velop NbN HEB

receivers that will op erate at 6-10 K us ing al ternative, less costly, cool ers.  The other ap -

proach fo cuses on min imizing the re ceiver noise tem perature and max imizing the IF band -

width, while op erating at 4 K.  We have de veloped a film-de position pro cess that uti lizes our

DC re ac tive mag ne tron sput tering cham ber. The films were de posited on MgO sub strates

that were heated to about 800 °C dur ing de position. A typ ical critical tem perature (Tc) is

about 10-11 K, and the transition width is very small (0.5 K). The films were then eval uated

by measuring their super conducting char acteristics as well as their thick ness and sur face

roughness by use of AFM anal y sis.

PHEB de vices were fab ricated on the films in or der to study their per formance as THz

HEB mixers. The de vice fab rication pro cess per formed at both NIST and UMass/Amherst

involved lift-off li thography of the an tenna (gold), and re active-ion etch ing (RIE) or wet

etching of the NbN. Re ceiver noise tem per atures and re ceiver noise bandwidths were then

mea sured at UMass/Amherst with a la ser lo cal os cillator (LO) that al lows testing at a num-

ber of dif fer ent fre quencies. The lat est re sults are de scribed and dis cussed in this pa per. A

new an tenna de sign and a new gen eration of mono lithic mi crowave in tegrated circuit

(MMIC) am pli fiers to be in cor po rated with HEBs are also de scribed.

* Publication of the Na tional Insti tute of Standards and Technology, not sub ject to copy right.

14th International Symposium on Space Terahertz Technology

266



I. INTRODUCTION

Heterodyne de tection is the most sen sitive spec troscopic tech nique over a broad fre-

quency range that pro duces high spec tral resolution in the terahertz re gion. In as tro nom i cal

applications, ob servations of spec tral lines have played a ma jor role in ex panding our un der-

standing of the in terstellar me dium and plan etary at mospheres.  In or der to achieve the re -

quired sen si tiv ity for as tro nom i cal, re mote sens ing, and plasma di ag nos tics ap pli ca tions, we

need to de velop re ceiv ers op er at ing at sen si tiv i ties near quan tum noise lim its and fo cal plane

ar rays with mul ti ple mixer el e ments. Un til re cently GaAs Schottky bar rier di odes (SBD)

were used al most ex clusively for het erodyne re ceivers in the terahertz re gion.  Be low 1 THz,

SIS (Su per con duc tor/In su la tor/Su per con duc tor) mixer re ceiv ers have ex cel lent noise tem-

perature (only a few times the quantum noise limit). This performance is lim ited to frequen-

cies be low or about equal to the super con ducting bandgap fre quency. Hot elec tron

bolometric (HEB) mix ers, which use non linear heat ing ef fects in su perconductors near their

tran si tion tem per a ture [1], have be come an ex cel lent al ter na tive for ap pli ca tions re quir ing

low noise tem per atures at fre quencies from 1 THz to 5 THz. There are two types of supercon-

ducting HEB de vices, the diffusion-cooled (DHEB) ver sion [2][3] and the phonon-cooled

(PHEB) ver sion [4]. The two ver sions dif fer ac cording to the cool ing mech anism of the hot

elec trons. NbN PHEB de tectors have dem on strated an or der of magnitude in crease in sen si-

tivity and a three or ders of magnitude de crease in LO power re quirement in the last few

years. FIG.1 shows a sur vey of the noise tem perature as a func tion of fre quency for dif ferent

types of de tec tors op er at ing in the terahertz re gime.
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FIG. 1. Noise tem peratures vs. fre quency for re ceivers in the terahertz re gime [1]-[7].
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A two-fold ap proach can be taken in de veloping HEB tech nology. One ap proach fo -

cuses on min imizing re ceiver noise tem perature and max imizing IF band width at the ex-

pense of op er a tional tem per a ture (4 K). The NbN super conducting films have lower crit ical

tem per a ture (Tc). The other ap proach fo cuses on max i miz ing the op er a tional tem per a ture

(6-10 K) at the ex pense of pos sibly higher noise tem perature and nar rower band width, al -

lowing the use of newly de veloped crycoolers. Here, we have con centrated on maximizing

the crit ical tem perature at the ex pense of bandwidth. We have de veloped an NbN film-depo-

si tion pro cess uti liz ing our dc re ac tive mag ne tron sput ter ing cham ber. Af ter char ac ter iz ing

the super con duct ing films, we fab ri cated phonon-cooled HEB de vices and studied their per -

for mance.

II. FILM DEPOSITION

NbN thin films were deposited using dc re active sput tering from a Nb tar get in an atmo-

sphere of ni trogen and ar gon . The de position cham ber was cryopumped down to a base pres -

sure of 1.5�10-5 Pa. The to tal pressure is controlled with a vari able throt tle valve on the

cryopump and is measured with a ca pacitance manom e ter.  Ul tra high pu rity (UHP) grade ar -

gon and zero-grade ni trogen were in troduced into the cham ber and their flow was con trolled

by nee dle valves. The partial pressure of ni trogen was de termined sim ply by sub tracting the

initial Ar pres sure from the to tal pres sure of the mixture. The Nb sputtering tar get of 75 mm

diameter was spec ified to have a pu rity of 99.95 %. The sam ple-to-target dis tance in our sys -

tem is 10 cm.  Crys tal line MgO sub strates, with (100) orientation, were cleaned in am bient

tem per a ture HF so lu tion, fol lowed by rins ing in or ganic sol vents with ul tra sonic ag i ta tion.

The sub strate was glued to a vac uum com pat ible heater block with sil ver paint and baked un -

der a ra diant heater for an hour prior to mount ing in the de position cham ber.

The de position se quence starts with cleaning of the tar get by sput tering Nb typ ically for

five min utes onto a dummy sam ple in an at mo sphere of pure Ar. In the next step ni tro gen is

added and pre-sputtering con tinues for an other five min utes, while equi lib rium is reached

with re gard to the ni trogen con tent at the target sur face.

As dis cussed at length in the lit erature [8], a feed back mechanism ex ists in the mag ne -

tron plasma dur ing re ac tive sput ter ing of NbN.  When the plasma is volt age or power bi ased,

the feed back is pos itive, lead ing the tar get sur face to be ei ther com pletely cov ered with

nitride or  com pletely free of nitride.  The plasma cur rent-voltage (I-V) characteristic in this

con di tion is hysteretic, and con trol of the stoichiometry of sputtered films is prob lem atic.
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The re sulting films are ei ther ni trogen or ni obium-rich, de pending on the state of the tar get

surface. However, un der cur rent bias the feed back is neg ative and the plasma I-V curve is

sin gle-val ued, al though it in cludes a re gion of neg a tive dif fer en tial re sis tance. There fore, all

NbN films de scribed in this pa per were grown with the plasma cur rent-bi ased.  FIG.2 shows

the I-V curves for dif ferent pres sures and gas compositions for our sput ter ing cham ber. We

have no ticed a drift in the I-V char acteristics over time, which was rem e died by re adjusting

the de po si tion pa ram e ters.

Dur ing pre-sput ter ing, the MgO sub strate was heated to 800 �C and ac tively sta bilized

at that tem per a ture. Sub strate tem per a ture was mon i tored using a ther mo cou ple em bed ded

in the body of the heater block. Ex perience with iden tical heater blocks used for high-tem-

per a ture la ser ab la tion of YBCO films in di cates that a sig nif i cant tem per a ture gra di ent

(probably 20 to 50 �C) ex ists be tween the ther mocouple and the sur face of the sub strate.

Once the films were de posited, the sam ple was cooled to am bi ent tem perature in ni trogen at

1atmosphere back ground pres sure.

Our high est crit i cal tem per a ture sam ples (Tc=11.2 K, �Tc=0.2 K) were ob tained in a

mixture of 15 % N2, 85 % Ar, at 1.33 Pa to tal pres sure, an ap plied cur rent of 1.2 A, and re sult-

ing volt age of about 275 V. Film thick ness was mea sured using a commercial atomic force

Voltage [V]

200 220 240 260 280 300 320 340 360

C
u

rr
en

t
[m

A
]

0

500

1000

1500

2000

2500

3000

10mTorr (Ar+N)(8.5+1.5)

10mTorr (Ar)(10)

10mTorr (Ar+N)(8+2)

8mTorr (Ar)(8)

8mTorr (Ar+N)(6.4+1.6)

8mTorr (Ar+N)(6.8+1.2)

8mTorr (Ar) (10)

8mTorr (Ar+N) (6+2)

FIG. 2. I-V characteristics of the sputtering plasma.
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mi cro scope (AFM).  Typ ical de position rates are around 0.25 nm/s.  For the se ries of sam ples 

described here, a uni form film thick ness of 5 nm was de sired.  The de position time for each

film was ad justed based on the as sumption that the de position rate is pro portional to power,

which in turn de pends on the plasma current. 

III. DEVICE FABRICATION

Our next step was to evaluate the films by fab ricating phonon-cooled HEB mixer de-

vices, and to mea sure the noise tem perature and IF band width of these de vices. A quasi-opti-

cal cou pling de sign was used to cou ple the terahertz ra diation into the de vice. We fab ri cated

devices at the ter minals of a twin-slot an tenna de sign and at the ter minals of a much broader

de sign uti liz ing the toothed self-com ple men tary log-pe ri odic an tenna. The an ten nas were

photo-etched in a 200 nm gold layer that had been e-beam evap orated over the NbN film.  Af-

ter the gold layer was lifted off, the NbN film was wet-etched or dry-etched to de fine a HEB

device with length of 1µm and width of 4 µm. The twin-slot an tenna re sponse is cen tered at

1.5 THz, with a band width of 1 THz to 1.9 THz. FIG.3 shows a pho tograph of the HEB de -

vice at the terminals of the twin-slot an tenna. Lastly, an el liptical Si lens was af fixed to the

backside of the sub strate. The lens was po si tioned us ing lines that had been ac curately

scribed on the lens side of the sub strate and then af fixed with pu rified bee's wax.

FIG.3. (a) a quasi-op tical de sign il lustration; (b) a pho tograph of the twin-slot an tenna. The 

PHEB de vice in the cen ter is too small to be seen.

(a) (b)

28 �m = 0.15 �0
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IV. EXPERIMENTAL SETUP

The lens/sub strate as sem bly was in serted into a mixer block, which also served as a bias

tee. The mixer block (shown in FIG.4) was attached to a copper post, which was thermally

anchored at its other end to the liq uid he lium res ervoir of a com mercial dewar. A heater con -

trols the tem perature of the mixer block. A cooled HEMT am plifier with a gain of 20 dB is

used in side the dewar. This IF am plifier has a pass band from 1000 to 1800 MHz with a noise

temperature of about 5 K. The con tribution of the IF chain to the to tal dou ble side band re -

ceiver noise tem per ature is given by

� 	T
Lc

T TDSB R Device out IF, ,
 �
2

 .                                        (1)

The re ceiver noise tem per ature was measured with a CO2 la ser pumped far in frared (FIR)

gas la ser as the LO source.  My lar beam splitters with a thick ness of 6 �m act as di plex er be -

tween the LO and a chopped hot/cold noise source. The LO ra diation is fo cused by an

off-axis paraboloid (OAP) mirror. FIG.5. shows an il lustration of the ex perimental setup for

noise tem per a ture mea sure ments.

FIG.4. Pho tographs of the mixer block (a) front view; (b) back view.

(a) (b)

14th International Symposium on Space Terahertz Technology

271



V. RESULTS AND DISCUSSION

The measured I-V curves for the de vices re sem ble those of the best de vices fab ricated

[4]. The LO power cou pled to the de vices here is an or der of mag nitude larger than for the

best de vices.  The cou pling losses are ev idently more sub stantial for the de vices pro duced

here.  The mismatch be tween the MgO sub strate and the sil icon lens and some op tical mis -

alignments are prob ably re sponsible for the higher LO power re quirement and sub sequently

for the de graded noise tem per ature re sults. The best dou ble-sideband re ceiver noise tem per -

ature mea sured at a wave length of 184 µm (1.63 THz) is 3700 K.  We also stud ied the de -

pendence of noise tem perature and IF band width on the am bient tem perature.  FIG.6(a)

shows the LO pumped I-V curves for one of the de vices at two am bi ent tem peratures  (4 K

and 7 K).  The op timum pumped curves are iden tical for dif ferent tem peratures and the LO

power de ceased by 1.3 dB for the el evated am bi ent tem perature of 7 K. This re sults was ex -

pected from the prin ci ple of elec tri cal sub sti tu tion. The noise tem per a ture per for mance was

degraded slightly for the el evated am bi ent tem perature (see FIG.6(b)).  The noise tem pera-

FIG.5. A di a gram of the ex per i men tal setup for noise tem per a ture mea sure ments.
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ture re sults for this de vice are not the best; nev ertheless, the be havior of the HEB at two dif-

fer ent tem per a tures shows that the re ceiver noise tem per ature change is quite small. Since

receiver noise tem per atures of a few (10-20) times the quan tum noise limit have been dem-

onstrated for many de vices op erating at 4 K, our re sults show that the same per formance

should even tu ally also be pos si ble at el e vated tem per a tures.  The IF band width at 7 K with a

5 nm thick NbN film de posited on an MgO sub strate is at least 2 GHz. These pre lim i nary re-

sults are very en couraging.

In or der to im prove the power cou pling to the PHEB de vice, we are ex per i ment ing with

a dif ferent type of an tenna.  An il lustration of the slot-ring an tenna de sign cur rently un der de -

velopment is shown in FIG.7. Slot-ring an tennas are well suited for use with terahertz

PHEBs. A CPW stub fil ter, which presents an open circuit at the slot-ring, is used. The CPW

will be fabricated with air bridges (well-known in MMIC tech nology at lower fre quencies)

in or der to ensure that only the main CPW mode prop agates. Al though slot-ring an tennas

have been used suc cessfully at much lower fre quencies, they pres ent a chal lenge at terahertz

fre quen cies.

We also de velop an InP HEMT MMIC cryo genic low-noise am plifier tech nology to be

integrated with HEB re ceivers. An IF band width of 1 to 10 GHz, to gether with a noise tem -

perature less than 10 K, are now within reach. FIG.8 shows pho tographs of an MMIC de sign

FIG.6. (a) I-V char acteristics of the de vice at two ambient tem peratures; (b) noise tem pera-

ture vs. IF at the two am bient tem peratures.
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un der de vel op ment at UMass. The MMIC chip was ob tained cour tesy of Dr. Sander

Weinreb from JPL/CalTech. The am plifier noise temperature shown in FIG.8 in cludes con -

tributions from the second stage (1.5 K-1.8 K approx.) and about 0.8-0.9 K from the iso lator.

FIG.7. An il lustration of a slot-ring an tenna de sign with PHEB device.

PHEB

FIG.8. An InP HEMT MMIC cryo genic low-noise amplifier.
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Abstract 
We have determined that the gain bandwidth of phonon-cooled HEB mixer 

employing NbTiN films deposited on MgO layer over Si substrate is limited by the 
escape of phonons to the substrate. The cut-off frequencies of 1 m long devices 
operating at T  Tc based on 3.5 nm, 4 nm and 10 nm thick films amount to 400 MHz, 
300 MHz, and 100 MHz, respectively. The gain bandwidth of 0.13 m long devices 
fabricated from 3.5 nm thick film is larger and amounts to 0.8 GHz at the optimal 
operating point and to 1.5 GHz at larger bias. The increase of the gain bandwidth 
from 400 MHz up to 1.5 GHz with the change of bridge length is attributed to 
diffusion cooling. A double sideband noise temperature of 4000 K was obtained for 
heterodyne receiver utilizing pilot NbTiN HEB mixer (not optimized for normal state 
resistance) operating at the local oscillator frequency of 2.5 THz.

Introduction 

Recently superconducting NbTiN thin films have aroused much interest as a 
promising basis for HEB mixer technology. The sensitivity and the required local 
oscillator power of HEB mixers employing this material [1] are rapidly approaching 
the level of NbN phonon-cooled HEB mixer, which is the best candidate now for 
heterodyne receivers operating at frequencies well above 1 THz. The gain bandwidth 
of HEBs based on NbTiN is still well below the value needed to fit the requirements 
of currently developed projects [2]. In this work, we have studied gain bandwidth of 
the devices based on NbTiN thin films at 0.14 and 0.9 THz local oscillator (LO) 
frequencies and noise temperature of the heterodyne receiver employing NbTiN HEB 
mixer operating at 2.5 THz LO frequency. As a result of these measurements, we 
have determined the main physical process which limits the gain bandwidth of our 
devices. We have also compared the sensitivity of pilot NbTiN HEB mixer with the 
sensitivity of NbN HEBs at that high LO frequency. 

In practical operation, the electron subsystem of the device is heated up to the 
optimal operating point by applying DC and LO power, while the physical 
temperature of the device stays low. Under these conditions, the HEB mixer shows 
the best noise performance, but the physics of its operation is complex, most of all 
due to the non-uniform distribution of the electron temperature along the bridge. The 
cut-off frequency of the device in this regime is determined not only by phonon 
cooling, but also by electro-thermal feedback, Andreev reflections, diffusion of hot 
electrons, spatial variations of critical current along the bridge, and so on. It is 
difficult to estimate the influence of each factor separately. In the case of uniform 
electron temperature distribution along the bridge, the physics of the device operation 
can be described by simpler equations, and the mixer’s cut-off frequency is 
completely determined by several characteristic times [3]. The values of these 
characteristic times can be obtained from the dependence of gain bandwidth on 
temperature and film thickness. Practically, the distribution of electron temperature is 
uniform along the bridge if LO and DC powers are small and electron effective 
temperature is equal to Tc and, in its turn, to the physical temperature of the device. 
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The operating point can be reached either by increasing the temperature up to the 
transition value, or by applying magnetic field that would decrease Tc to the physical 
temperature. There are two main processes determining the gain bandwidth of 
phonon-cooled HEB mixer for this regime. First, the energy is transmitted from hot 
electrons to the lattice via inelastic scattering of electrons with phonons. Thermal 
equilibrium between electron and phonon subsystems is established during phonon-
electron interaction time ph-e = e-phce/cph. Here ce and cph are, respectively, electron 
and phonon specific heats, e-ph is electron-phonon interaction time which depends on 
temperature as e-ph = T- , where  and  are certain constants determined by the 
film material. The specific heat of the phonons at temperatures close to typical value 
of Tc has the same order of magnitude as the electron specific heat, and therefore the 
escape of non-equilibrium phonons to substrate influences the energy relaxation 
process. The escape of non-equilibrium phonons to the substrate can also be described 
by the characteristic time esc. In the case of uniform heating, the cut-off frequency of 
HEB mixer is mostly influenced by the largest of these time constants [3] if the bridge 
length is greater than thermal healing length Le-ph = (D ph)

1/2 [4]. In this equation, ph

is the hot electron bolometer’s time constant if the diffusion cooling is neglected, D is 
the diffusivity of electrons in the superconducting bridge. 

When the bridge length is about Le-ph or smaller, the diffusion cooling 
contributes to the cut-off frequency of the device. The gain bandwidth of HEB mixer 
with bridge length that is much shorter than Le-ph is determined only by diffusion 
cooling. For intermediate bridge lengths, both the diffusion cooling and the phonon 
cooling should be considered. 

In this work, we have studied several NbTiN HEB mixers. The analysis of the 
dependence of 1 m long mixer’s cut-off frequency on temperature and film thickness 
at T = Tc allows us to determine the physical process which limits the phonon-cooling 
rate. It is the escape of non-equilibrium phonons from the film to the substrate. The 
gain bandwidth of 0.13 m long devices operating at a low temperature is larger than 
for the 1 m long ones. This could be explained if the diffusion cooling is considered. 
In order to verify this assumption, the diffusivity of electrons in NbTiN films has been 
measured. The noise performance of practical NbTiN HEB mixers has been tested in 
a 2.5 THz heterodyne receiver. 

Device design and fabrication 

The HEB mixers are manufactured from superconducting NbTiN film on silicon 
substrate with 200 nm thick MgO buffer layer deposited by e-beam evaporation. The 3-4 nm 
and 10 nm thick NbTiN films are deposited by DC reactive magnetron sputtering of NbTi 
composite target in Ar and N2 mixture. The Ar partial pressure is 3.2x10-3 torr, and the N2

partial pressure is 1.2x10-4 torr. With discharge current and voltage amounting to 1 A and 
300 V respectively, a sputtering rate of 0.5 nm/s is obtained. During the deposition the 
substrate is heated up to 600 0C. The typical film transition temperature Tc is 11 K for 3-4 nm 
thick films and 13 K for 10 nm thick NbTiN film. Transition width amounts to 0.3-0.5 K for 
NbTiN films of both thicknesses. The film transition temperature decreases during the device 
fabrication.

The films are patterned using e-beam and photolithography to form 2.4 m wide and 
0.13 m long structures for investigation of noise temperature of heterodyne receiver 
employing NbTiN HEB mixer, and 10 m wide and 1 m long structures for studying 
mixer’s gain bandwidth at a physical temperature close to Tc. Devices made for noise 
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measurements are fabricated from 3.5 nm thick NbTiN films on MgO buffer layer over Si 
substrate by lift-off electron-beam lithography and lift-off photolithography. The 0.13 m
long mixer element is formed by lift-off e-beam lithography across two overlaid Ti-Au-Ti (Ti 
~ 3 nm, Au ~ 30 nm, Ti ~ 10 nm) small contact pads, and the 2.4 m width is formed by 
using a SiO mask made by e-beam lithography as well. The central part of the self-
complementary spiral antenna is formed using lift-off e-beam lithography based on Cr-Au 
metallization (Cr ~ 3 nm, Au ~ 200 nm). Next, the outer part of the mixer is made by lift-off 
photolithography based on Ti-Au-Ti metallization (Ti ~ 5 nm, Au ~ 200 nm, Ti ~ 20 nm). 
The normal resistance of the typical device is 20 . Contact resistance also contributes to this 
value, and the resistance of the bridge itself is slightly less than 20 .

The devices developed for investigation of phonon cooling in NbTiN HEBs at T Tc

are much larger in-plane (10 m wide and 1 m long) than the previous ones, and are 
fabricated from 3.5, 4.2 and 10 nm thick NbTiN films on MgO buffer layer over Si substrate. 
This design allows us not to use e-beam lithography for fabrication process, and the spiral 
antenna is formed using direct photolithography. Physically, this design increases the volume 
of superconducting bridge, which, in turn, increases the dynamic range of the device. The 
device noise temperature increases with an increase of physical temperature. At temperatures 
close to Tc, the sensitivity of HEB mixer is rather low. This fact along with small dynamic 
range of practical device makes it impossible to perform heterodyne measurements at T = Tc

for 2.4 m wide by 0.13 m long devices. 
The last process for both designs is the removal of the NbTiN layer by ion milling in 

Ar atmosphere from the whole substrate surface except the central part of spiral antenna 
which was protected by SiO or resist masks. 

Experimental setup 

The noise temperature of quasioptical heterodyne receiver employing NbTiN 
mixer at 2.5 THz LO frequency was measured at the Institute of Space Sensor 
Technology and Planetary Exploration, DLR, in collaboration with Alexei Semenov 
and Heinz-Wilhelm Hubers. The experimental setup is described in [5]. 

The experimental setup for measurements of the output power versus IF at 
0.9 THz LO frequency is presented on Fig. 1. Radiation from two backward wave 
oscillators (BWOs) operating within the frequency range of 0.87–1 THz is 
superimposed by Maylar beam splitter and arrive into liquid He-cooled vacuum 
cryostat through a Teflon window. Terahertz radiation is coupled to the mixer via a 
hybrid antenna, an extended hemispherical Si lens along with a planar spiral antenna 
integrated into the device. The device under test is glued to the flat side of the lens. A 
bias tee is used to feed bias to the device and to pass the output signal at an 
intermediate frequency to the room temperature amplifier chain. The amplifier chain 
has a gain of approximately 70 dB and operates within frequency ranges of 
0.1-2 GHz, 0.7-4 GHz, and 3.5-8 GHz. The value of the intermediate frequency is 
monitored using spectrum analyzer inserted in the chain via a –20 dB directional 
coupler. The output power is measured using power meter. 

The mixer’s output power as a function of intermediate frequency is measured 
at the 140 GHz LO frequency. The radiation from two BWOs is superimposed by 
Maylar beam splitter and arrives into dipstick with vacuum chamber through a Teflon 
window. It passes the oversized waveguide and is coupled to the device via a horn 
antenna. To the end of horn antenna a massive copper plate is soldered, to provide 
enough space for attached thermometer and for framing an appropriate coupling 
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between a device and the IF chain. The temperature is kept near the transition point 
value of the device under test by applying DC power to the heater. The heater is 
mounted on the horn antenna far from the device to provide an almost uniform 
temperature along copper plate. Output signal passes through a 50 Ohm coaxial cable 
to a room temperature bias tee used for applying bias voltage to a device. Then the 
output signal is amplified using a room temperature amplifier chain and is monitored 
by a power meter. One of the BWOs is tuned to change intermediate frequency and its 
power is maintained at a constant level by a grid attenuator. The power of both BWOs 
is kept at low level to ensure that the effective electron temperature stays close to the 
physical temperature of the device. Thus, a chopper is inserted into the path of the 
tuned BWO, and the RF power is observed by recording the direct response voltage of 
the bolometer using a selective nanovoltmeter.  

Experimental results 

The double sideband (DSB) receiver noise temperature of a heterodyne 
receiver employing NbTiN HEB mixer is measured by Y-factor method. The receiver 
shows 4000 K noise temperature at LO frequency of 2.5 THz. The best noise 
performance of the mixer is obtained at the operating point marked on Fig. 2 as 
point 1. At much larger bias voltage the noise performance is worse but the gain 
bandwidth is larger. One of such operating points is marked on Fig. 2 as point 2. 

The gain bandwidth of a 0.13 m long device is measured at 0.9 THz LO 
frequency at two different operating points mentioned above. The device shows the 
gain bandwidth of 0.8 GHz and 1.5 GHz at operating points 1 and 2 respectively. 
Obtained dependencies of output power versus IF are presented on Fig. 3 

The cut-off frequencies for the devices based on 3.5, 4.2 and 10 nm thick 
NbTiN films deposited on MgO buffer layer over Si substrate are measured using the 
experimental setup with BWOs operating in 127-142 GHz frequency range. This 
frequency range is used because the 10 m wide and 1 m long bridge requires a 
large central part of spiral antenna, while the size of that central part limits the high 
frequency response of the antenna. The curves of output power versus IF for the 
devices operating at transition temperatures Tc are presented on Fig 4. The 
experimental data are marked as triangles for the 10 nm thick device, squares for the 
4.2 nm one, and circles for the 3.5 nm one, and are best fitted by the cut-off frequency 
of 100 MHz, 300 MHz, and 400 MHz, respectively. 

In order to measure the gain bandwidth at physical temperatures well below Tc

and to provide uniform electron temperature distribution, it is necessary to apply a 
high enough magnetic field and to keep DC and LO powers low. The magnetic field 
lowers the device Tc, and the operating point can be achieved at a low physical 
temperature and low bias current and LO power. The superconducting solenoid 
provides a magnetic field of up to 4 T perpendicular to the device surface. This field 
is enough to perform measurements at temperatures approximately 2 K lower than the 
transition temperature of the device. No change in the gain bandwidth is observed in 
this temperature range. 

The diffusivity of the superconducting film can be derived from the 
dependence of critical magnetic field Hc2 on temperature according to [6]:  

D = 1.086[(-dHc2/dT)T=Tc]
-1

The dependence of the critical magnetic field Hc2 on temperature is measured 
using the same superconducting solenoid providing a 4 T magnetic field. The 
obtained Hc2 versus T for 4 nm thick NbTiN film deposited on Si substrate with an 
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MgO buffer layer is presented on Fig. 5. The corresponding value of the diffusivity is 
D = 1.13 cm2/s.

Discussion 

For a device operating at T=Tc, when the distribution of effective electron 
temperature is uniform along the bridge, the hot electron bolometer’s time constant 

ph depends only on eph and esc. The gain bandwidth of phonon-cooled device 
depends on temperature via electron-phonon interaction time and on film thickness 
via phonon escape time. As can be seen from Fig. 6, the IF bandwidth of the studied 
1 m long NbTiN mixers is inversely proportional to the thickness of the 
superconducting film. Taking into account that gain bandwidth does not noticeably 
change with temperature, we can assume that eph in the case of 3.5 nm or thicker 
NbTiN films deposited on MgO layer over Si substrate is much shorter than esc and 
does not influence the gain bandwidth. The gain bandwidth of those devices is limited 
only by the escape of non-equilibrium phonons to the substrate, and the bolometer 
time constant is equal to esc, which depends on film thickness as follows [3]: 

esc = 4d/ u, 
where  is the acoustic mismatch between the superconducting film and the 

MgO layer, u is the speed of sound in NbTiN. 
The gain bandwidth obtained at low physical temperatures under optimal 

pumping by LO power depends on bias voltage due to electro-thermal feedback. The 
influence of this effect decreases with the increase of bias voltage. Hence, the results 
obtained at a larger bias (operating point 2) should be closer to the results obtained 
under uniform distribution conditions than those obtained at the optimal operating 
point.

The increase in gain bandwidth of the devices based on 3.5 nm thick NbTiN 
film from 0.4 GHz to 1.5 GHz with the change of the bridge length from 1 m to 
0.13 m can be explained if the diffusion cooling mechanism is considered. The 
bolometer’s time constant  approximately depends on phonon relaxation time and 
on diffusion relaxation time as follows: 

1/  = 1/ ph + 1/ diff,
where ph is the bolometer’s time constant neglecting diffusion cooling and 

diff is the time constant of the bolometer as if the phonon cooling did not take place. 
The analysis of diffusion cooling predicts the following dependence on the bridge 
length L for diff [4]: 

diff = 2L2/D,
where D is an electron diffusion constant in the superconducting material of 

the HEB mixer. The gain bandwidth of a device with fixed film thickness depends on 
the bridge length according to the following equation: 

fcut-off = ( 2
phD + L2)/2 phL

2.
This dependence is represented in Fig. 7 along with our experimental data for 

the gain bandwidth. The theoretical predictions do not fit the experimental data 
completely, and for shorter bridge lengths the cut-off frequency is much lower than it 
is provided by the experimentally obtained diffusivity. This effect was not 
systematically studied, and we can only make a guess that it is due to a finite area 
under contact pads, in which electrons out-diffuse from the superconducting film into 
cold metal pads. 

14th International Symposium on Space Terahertz Technology

280



The noise temperature of the heterodyne receiver operating at the 2.5 THz LO 
frequency employing NbTiN mixer is higher than that reported in [7] for NbN HEB 
mixer. This result is not yet conclusive, because the normal state resistance of the 
superconducting bridge is less than 20 Ohm and causes noticeable mismatches with 
both RF circuit (antenna impedance is approximately 75 ) and IF chain (isolator 
input impedance is 50 ). We believe that a device with appropriate normal state 
resistance will be able to demonstrate improved noise performance. 
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Fig. 1 Experimental setup for heterodyne measurements at 0.9 THz 

frequency 

Fig. 2 Family of IV-curves for different pumping RF power 
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Fig. 3 Output power as a function of IF for 0.13 m long device based 

on 3.5 nm thick film. Experimental data are marked by squares (for optimal 

operating point) and crossed circles (for larger bias voltage). 

Fig. 4 Output power as a function of IF for 1 m long devices with 

different NbTiN film thickness 
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Fig. 5 Critical magnetic field as a function of temperature for 4 nm 

thick NbTiN film deposited on MgO layer over Si substrate 

Fig. 6 The cut-off frequency as a function of film thickness 
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Fig. 7 The cut-off frequency as a function of bridge length 
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A 1.5 THz hot-electron bolometer mixer operated by a 

planar diode-based local oscillator 

C.-Y. Edward Tong, Denis Meledin and Raymond Blundell 
Harvard-Smithsonian Center for Astrophysics, 60 Garden St., Cambridge, MA 02138

Neal Erickson 
Department of Astronomy, University of Massachusetts, Amherst, MA 01002 

Jonathan Kawamura and Imran Mehdi 
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109 

Gregory Gol’tsman 
Physics Department, Moscow State Pedagogical University, Moscow, 119435, Russia 

We describe a 1.5 THz heterodyne receiver based on a superconducting hot-electron 
bolometer mixer, which is pumped by an all-solid-state local oscillator chain. The 
bolometer is fabricated from a 3.5 nm-thick niobium nitride film deposited on a quartz 
substrate with a 200 nm-thick magnesium oxide buffer layer. The bolometer measures 
0.15 m in width and 1.5 m in length. The chip consisting of the bolometer and mixer 
circuitry is incorporated in a fixed-tuned waveguide mixer block with a corrugated feed 
horn. The local oscillator unit comprises of a cascade of four planar doublers following a 
MMIC-based W-band power amplifier. The local oscillator is coupled to the mixer using 
a Martin-Puplett interferometer. The local oscillator output power needed for optimal 
receiver performance is approximately 1 to 2 W, and the chain is able to provide this 
power at a number of frequency points between 1.45 and 1.56 THz. By terminating the rf 
input with room temperature and 77 K loads, a Y-factor of 1.11 (DSB) has been measured 
at a local oscillator frequency of 1.476 THz at 3 GHz intermediate frequency.
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Broadband Millimeter-Wave Bolometric Mixers Based on Ballistic Cooling in a Two-
Dimensional Electron Gas

Mark Lee, L. N. Pfeiffer, and K. W. West
Bell Laboratories, Lucent Technologies, 600 Mountain Ave., Murray Hill, NJ 07974

The intermediate frequency (IF) bandwidth of “hot” electron bolometric mixers is

determined by the energy relaxation time for the electron system to dissipate energy absorbed

from the electromagnetic fields into a heat sink. For devices of small enough length scale L, the

energy relaxation time is set by the transit time tr for hot electrons to cross a channel and deposit

excess energy into the leads, which act as the thermal reservoir. This transit-time limited cooling

principal has been implemented successfully to construct low-power, wideband bolometric

mixers using thin superconducting metal films.1,2 In these mixers hot electrons diffuse elastically

across the channel, so that momentum but not energy is relaxed in the channel. The constraint

on IF bandwidth in metal films is the small diffusion constant D ~ 1 to 10 cm2s-1, which

necessitates fabricating devices with L������� �����	
��
�	�	���������
�������	����������������

It has been suggested3 and shown4 that this same diffusion-cooling principal applies to a high

mobility two-dimensional electron gas (2DEG) of the type formed at the interface of a GaAs-

AlGaAs semiconductor heterostructure. Because the 2DEG can have D be two orders of

magnitude larger than in metal films, IF bandwidths exceeding 10 GHz can be obtained in a

2DEG at much larger channel lengths L����� ���������

We have examined the fundamental physical speed limits on bolometric mixing bandwidth

using the transit-time cooling principal. When the transit mechanism is elastic diffusion, tr is the

elastic diffusion time D = L2
�

2D, so that the –3 dB IF bandwidth f3dB ∝ L-2. This bandwidth-

length scaling is the signature of the diffusion-cooling process. However, it is clear that this

diffusive scaling cannot persist to arbitrarily small L because it makes no physical sense for D to

be smaller than L/vF, which is the time it takes electrons near the Fermi velocity vF to cross a

channel in the absence of any elastic scattering. More specifically, the diffusion-cooling

mechanism should fail when L < �el, the elastic mean free path, since there is then on average no

momentum nor energy relaxation in the channel. The hot electron outflow is then expected to be

1A. Skalare, et al., Appl. Phys. Lett. 68, 1558 (1996)
2I. Siddiqi, et al., IEEE Trans. Appl. Supercond. 11, 958 (2001)
3K. S. Yngvesson, Appl. Phys. Lett. 76, 777 (2000)
4M. Lee, et al., Appl. Phys. Lett. 78, 2888 (2001)
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ballistic rather than diffusive, changing the bandwidth-length scaling to f3dB ∝ L-1. Ballistic-

cooling establishes the fundamental speed limit on IF bandwidth for a given bolometric mixer

size and bias condition.

While the condition L < �el is unreachable in metal films, in sufficiently high quality 2DEGs

�el������ �����!� ���������������� �����
�������"	���������
�����������-cooling mechanism

is observable, we performed millimeter-wave mixing experiments using a GaAs-AlGaAs 2DEG

with mobility = 3.1 x 105 cm2V-1s-1 at 77 K and 7.5 x 106 cm2V-1s-1 at 1.5 K. The mixers had

channel lengths L� 
��#��#��
	����!� ��	���� ��� ����
	�$����� ��#������	���%���#��� �� ���

105 GHz source as the rf signal and a tunable 105 to 145 GHz source as the local oscillator (LO).

The IF bandwidth of the system was 40 GHz, limited by the IF low-noise amplifier.

At 77 K, a clear crossover in the bandwidth-length scaling from f3dB ∝ L-2 for L�&�'� ��	�

f3dB ∝ L-1 for L�(�!� ������	���
�������	
������������������)�L = 1.3 µm, an IF bandwidth f3dB

= 38 GHz was measured. At 1.5 K f3dB ∝ L-1 across the entire range of L, consistent with a

complete transition to ballistic rather than diffusive cooling. Further evidence for ballistic

dynamics comes from measurements of the average transit velocity vav�*�+ f3dBL as a function of

DC bias voltage V. Data for all channel lengths can be collapsed onto one common curve

described completely by semiclassical Bloch acceleration. There is also a signature of kinetic

inductance in the mixer load impedance when in the ballistic-cooling regime.

The change in LO power requirement and noise temperature of these mixers will be

compared between diffusion-cooled and ballistic-cooled states. We find preliminary evidence

that the both the optimal LO power and the noise temperature decrease by about an order-of-

magnitude upon crossing into the ballistic-cooling regime.
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BISTABILITY IN NbN HEB MIXER DEVICES 

Yan Zhuang, Dazhen Gu and Sigfrid Yngvesson 

Department of Electrical and Computer Engineering 

University of Massachusetts, Amherst, MA 01003 

ABSTRACT-All researchers working on THz HEB mixer devices are aware of the fact 
that the device is unstable in one part of its IV-curve. We have earlier reported that in this 
unstable region we observe relaxation oscillations at about 5 MHz for a number of 
devices in both the voltage and the current [1]. In this paper, we will present a 
quantitative model which describes the relaxation oscillations as well as some new 
transient measurements, which we will also report. As an HEB device is brought from the 
superconducting state through the critical current, it will enter a bistable state, which has 
been described for superconducting films in earlier papers and was reviewed in [2]. The 
bistable state means that two different states can potentially occur; a normal “hotspot” or 
“electrothermal domain”, and the superconducting state. The theory in [2] predicts how 
the domain, once formed, may either expand, contract, or be in steady state, depending on 
the device current. The velocity with which the wall of the hotspot moves is also 
predicted. We propose a modification to the original bistability theory [2], taking into 
account the Andreev Reflection effect and the phonon specific heat. The relaxation 
oscillation frequency and the velocity of the hotspot boundary, for the conditions during 
the new measurements presented here, has been calculated according to the modified 
theory and the calculated results are within a satisfactory range in comparison with the 
measured data. Complete understanding of the role played by the movement of the 
hotspot boundary under various bias conditions (with and without LO power) for HEBs 
will require further measurements and theoretical work.

I. INTRODUCTION 

We have reported in [1] measurements of an HEB device DC biased in the unstable 
region of its IV-characteristic. The measurement setup is shown in Figure 1. The devices 
were identical to devices which were used in our HEB mixer development program, with 
length 1µm and width 4µm. They were placed in a shielded box at the end of a “dipstick”, 
which was inserted in a liquid helium storage dewar. We consistently recorded a 
repetitive waveform, in which we could distinguish two different frequencies.  The 
device basically switched back and forth between a state in which it had a resistance, and 
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its superconducting state, at a frequency in the range of several hundred kHz, which we 
will call the repetition frequency. Its value changed with the external circuit conditions 
such as the bias voltage or the external reactance. When the device was in the resistive 
state, we recorded a much faster oscillation with decaying amplitude, which we will call 
the relaxation oscillation frequency. The latter frequency was around 5 MHz. We found 
that the relaxation frequency was essentially the same for all devices we have measured, 
and insensitive to large changes in the external circuit. For example, low-pass filters with 
different cut-off frequencies were inserted in series with the DC bias supply. Thus we 
hypothesize that the relaxation oscillations are related to physical phenomena inside the 

device itself. Figure 2 shows the waveforms of both voltage and current of a 1µm long 
device. Observing the waveforms carefully we found that the maximum voltage across
the device corresponds to the product of the average current and the normal resistance of 
the entire device. This implies that at the time when the peak voltage was recorded, the 
normal hotspot region covers the total length of the device. Thus we have reason to 
believe that the relaxation oscillation is due to the fact that the hotspot in the device 
changes its size periodically. If we assume that the resistivity inside the hotspot is equal 
to the resistivity of the NbN in its normal state, then the resistance of the device will vary 
periodically, and consequently the voltage across the device as well. We later found that 
in longer devices (5 and 10µm) the hotspot may not cover the entire length of the device. 
Its maximum size is proportional to the ratio of the peak voltage and the average current. 
The relaxation frequency of the longer device is somewhat lower than that of the short 
device because the hotspot travels longer in this case. A remarkable feature of these 
measurements is that the relaxation oscillations occur at a frequency (about 5 MHz) 
which is much lower than the frequency at which the device responds during mixing (in 
the low GHz range). Since movements of the hotspot boundary are likely to be important 
for modeling the device behavior in all of its possible states, we have continued to 
explore and measure the dynamic behavior of hotspots in NbN HEB devices.

In order to observe the hotspot boundary movement more directly, we performed a 
new set of pulsed measurements. Two pulse generators were inserted parallel to the DC 
bias supply in Figure 1. We investigated three ways of initiating the movement of the 
hotspot boundary by using the pulsed sources: 1) the device makes a transition from the 
superconducting state to the normal state (“fly-out”), 2) the device makes a transition 
from the normal state to the superconducting state (“fly-back”), 3) the size of the hotspot 
changes within  the stable hotspot region. We concentrate on the fly back condition in 
this paper, and will only comment briefly on the other two cases, as well as the relaxation 
oscillations, at the end of the paper. The devices being used in this experiment are again 
phonon cooled NbN HEB devices similar to our mixer devices. The thickness of the film 

is 4nm, the width of the devices is 5µm, and the length of the devices is 1µm and 5µm,
respectively. In the experiment, after we have applied two positive pulses the device is in 
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the normal state; it is then transferred from the normal state to the superconducting (SC) 
state under a constant bias current. We find, in accordance with the theory which will be 
discussed in a later section, that the current has to be less than the minimum propagation 
current Ip, for the device to make this transition back to the SC state. We are able to 
calculate the propagation velocity of the hotspot boundary by analyzing the transient 
voltage and current waveforms. We reported an order of magnitude discrepancy between 
the theory and measured data on relaxation oscillations in [1]. Further details about the 
earlier measurements and the theory can be found in [3]. In this paper we propose that the 
original bistability theory needs to be modified by taking in account the Andreev 
Reflection and the phonon specific heat. The agreement between the modified theory and 
the measured data has been significantly improved. 

II. EXPERIMENTS AND RESULTS 

The experimental setup is similar to that in [1] except that we are using a current 
source instead of a voltage source. The device is first biased in the superconducting state. 
Then two positive current pulses are applied; the first one lasts about 75ns with an
amplitude of 1.5mA, which generates a hotspot in the device; the second current pulse 

lasts about 2µs. Its amplitude is above the minimum propagation current IP when 
combined with the bias current. The duration of the second pulse should be long enough 
so that the hotspot can expand and cover the entire device. After the second pulse ends, 
the device is biased only through the DC power supply, which is set to a value below IP.
The hotspot begins to shrink under this condition and finally disappears, and the device 
goes back to the superconducting state. The transient response of the voltage and the 
current of the device are recorded by a fast digital oscilloscope. Figure 3 shows the 
voltage and the current responses during this process. The voltage gradually decreases 
with time until it reaches zero, while the current stays at an intermediate value until the 
time when the voltage goes to zero, when it returns to the value set by the bias supply 
after a brief positive transient. We will try to explain this behavior in the next section. 
The same procedure was repeated for several different DC bias currents below IP. The hot 
spot boundary velocity was calculated for the time period when the voltage changed 
linearly with time and the current was essentially constant, as marked in Figure 3. The 
velocity of the hotspot boundary can be calculated from the measured transient voltage 
and current waveforms as: 

( )[ ] 1

2
−= tI

dt

dV

R

L
v

N

         (1)

where L is the maximum length of the hotspot, and RN is the normal resistance of the 
entire device. The factor of 1/2 is used because there are two hotspot boundaries involved. 
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We find that the larger the difference between IP and the measured average current is, the
shorter time it takes for the device to go back to the superconducting state. Figure 4 

shows the measured results (filled triangles) for the 1µm long device. We measured both 
1µm and 5µm long devices and got similar results.  

III. DISCUSSION

As shown in [1] and [2], when the bias current is less than the minimum propagation 
current (IP) there is only one interception point between the curves of Joule heating (Q) 
and heat transport (W) as a function of temperature. This means that there is only one 
stable state in this case: the device will eventually go back to the superconducting state. 
The time needed for the device to go back to the superconducting state depends on the 
difference between Q and W. The device operating under a lower bias current will take a
shorter time. As the voltage across the device decreases gradually, the current stays at an 
intermediate constant level, which is independent of the voltage, until the device becomes 
superconducting. Figure 5 shows the usual IV curve of the device, as well as the current 
when the voltage decreases from the stable hotspot region, based on our fly back 
measurement data. Note that this behavior is very similar to the hysteresis effect, which 
happens when decreasing the bias voltage in the IV curve from the left-most point in the 
stable hotspot region. The difference is that the device is still in the stable hotspot state 
when decreasing the bias voltage, and the current through the device at this time is the 
minimum propagation current Ip; during the fly back measurement, the device is instead 
in the transition state from the normal state to the superconducting state, and the current 
through the device must be less than Ip because the hotspot is shrinking. The current 
stabilizes at a new value slightly lower than IP, but greater than the current imposed by 
the bias supply. In other words, the hotspot seems capable of self regulating the current, 
even in the dynamic state. We may designate this current IP

dyn. The value of this current 
also depends on the current imposed by the bias supply, IB. The lower IB is, the lower is 
also IP

dyn .   
In order to fit the measured results to the bistability theory we need to calculate the 

normalized velocity with normalizing factor vh, which is called the thermal velocity and 
is expressed as [1],[2]: 

kt

h

C
v e

e

h

λ21=            (2) 

where Ce is the specific heat of the electron system; λe is the lateral thermal conductivity 
of the NbN film; h is the heat transfer coefficient to the substrate; k is a constant, and t is 
the thickness of the film. The normalized velocity can now be calculated as in [1] and [2].
We find the measured velocity to be drastically lower than the theory based on the bulk 
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thermal conductivity for NbN. We believe that the reason for this large discrepancy is 
that the value of vh calculated in equation (2) is too high. In order to reduce vh we 
propose that the theory needs to be modified by taking into account two effects: phonon 
specific heat and Andreev Reflection. Firstly, in the case of NbN films it is well known 
that the energy given off by the hot electrons to the phonons is not immediately 
transported to the substrate (the phonons effectively make a few “bounces” in the film 
before they can escape through the film/substrate interface). As the hotspot shrinks, and 
the film cools down from being normal at just above Tc (10 K) to being superconducting 
at 4.2K, energy must be released from the phonons as well as from the electrons. The 
evidence from the bandwidth studies [4] suggests that essentially the entire value of the 
phonon specific heat, Cp, should be added to Ce in equation (2). Secondly, Andreev 
Reflection must be considered when a current passes through a normal to 
superconducting interface. Figure 6 illustrates the process of Andreev Reflection. Assume 
that the Fermi energy is zero, and that the superconducting energy gap of the NbN film is 

2∆. An electron in the normal hotspot with energy less than ∆ will be reflected back as a 
hole by the superconducting-normal boundary, while two electrons are transferred across 
the interface to form a Cooper pair, which adds to the superconducting Cooper pair 
condensate. Note that the Andreev Reflection preserves the current continuity. However, 
only charge is transferred, and no heat is transported across the interface. Thus the 
superconducting-normal interface acts as a perfect thermal isolator. Only the electrons 

with energy higher than ∆ can transfer the heat. To obtain a first-order estimate1 of the 
thermal conductivity across the interfaces, we assume that it is proportional to the 

fraction αth of the incident electrons that can transport heat across the interface. This 
fraction can be calculated by multiplying the Fermi-Dirac distribution function, and a 
constant density of states (justified by the very small energy range), to find the electron 
density in the normal hotspot, nE (E), and then integrating over the appropriate energy 
intervals [5]: 
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The exponent  in (3b) is the same as in the expression for the temperature-dependence of 

1 A more accurate calculation would weight the electron density to yield the actual energy flow across the interface [6].
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the critical current: 

( ) ( ) ( ) γ

⎥
⎦

⎤
⎢
⎣

⎡
−=

C

CC
T

xT
IxTI 10,         (4)

Here γ is chosen to be 1.0 to achieve the best fit with measured data for NbN devices on 
MgO substrates. As we apply a bias current to a device, the critical temperature of the 
film is partially suppressed by the current. We can use (4) to calculate an effective critical 
temperature, which we then use when performing the integral in (3a). Finally, after taking 
into account the phonon specific heat and the Andreev Reflection effect, the thermal 
velocity in equation (2) changes to: 

kt

h

CC
v eth

pe

h

λα21

+
=         (5) 

Figure 4 shows the measured normalized hotspot boundary velocity vs. current, 
compared with calculations based on the modified theory (Eq. (5)). We adjusted the value 
of th to obtain a best fit between the measured data and theory. If we calculate th from 
(3a) we find a value which is about twice as large, as summarized in Table 1. Note that 
the latter calculation uses only measured parameters. Given the uncertainties in several 
parameters, and the error bars in the measurements, we believe that the agreement 
between theory and experiment is satisfactory. For example, a small adjustment of the 
parameter  from 1.0 to 0.8 will produce much better agreement, as also noted in Table 1. 
We note that a similar measurement to the one reported here was performed by Freytag 
and Huebener [7]. These researchers measured Sn films and obtained agreement between 
theory and experiment without invoking Andreev reflection. The AR would have a much 
smaller effect in the case of Sn due to its smaller bandgap. 

IV. CONCLUSION 

In this paper the movement of the hotspot boundary when the HEB device makes 
transitions from the normal state to the superconducting state has been successfully 
measured. The measurement results fit the theory quite well after taking into account the 
phonon specific heat and Andreev Reflection effect. It is quite clear that under the 
conditions of this particular measurement the hotspot boundaries move very slowly, 
compared with the thermal response time of the device as a mixer. We also found an 
additional interesting phenomenon: the device is able to stabilize the current during the 
dynamic transient response. We want to briefly comment on the results of other 
experiments which we have done so far. When we triggered the device with a pulse to 
make a transition from the superconducting state to the normal state, we found an even 
slower velocity than measured here (for a given value of I-IP). It is possible that during 
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this transition, during which the device is in a strong negative resistance state, further 
nonlinearities play a role. Measured pulse response when the device moves from one 
stable hotspot state to another (either with or without applied LO power) appears faster 
than the process described in this paper, based on preliminary measurements. However, 
we must improve the detection speed of our measurement system in order to confirm this. 
The relaxation oscillation frequency is predicted very well (within a factor of two) based 
on our modified model.  In order to fully understand the mechanism of the hotspot 
boundary propagation more experiments clearly need to be performed and interpreted 
under different conditions. 

V. ACKNOWLEDGEMENTS 

We would like to acknowledge stimulating discussions with Drs. Harald Merkel 
and Erik Kollberg of Chalmers University of Technology. We would also like to 
acknowledge support from NASA Contract NAS1-01058 from NASA Langley Research 
Center, and from the NSF program for Advanced Technologies and Instrumentation 
(ATI), Division of Astronomical Sciences, NSF award # AST 9987319. 

REFERENCES 

[1] Y. Zhuang and S. Yngvesson, “Detection and Interpretation of Bistability Effects in 
NbN HEB devices”, 13th Intern. Symp. Space THz Tech., pp.463-472 (2002). 
[2] A.VI. Gurevich and R.G. Mints, “Self-Heating in Normal Metals and 
Superconductors,” Rev. Mod. Physics, 59, pp. 94-999 (1987). 
[3] Y. Zhuang, “Linear and Nonlinear Characteristics of NbN Hot Electron Bolometer 
Devices,” Ph.D. Thesis, Dept. of Electrical and Computer Engineering, University of 
Massachusetts at Amherst, Sept. 2002. 
[4] S. Cherednichenko, P. Yagoubov, K. I1’in, G. Gol’tsman, and E. Gershenzon, “Large 
Bandwidth of NbN Phonon-Cooled Hot-Electron Bolometer Mixers on Sapphire 
Substrates”, 8th Intern. Symp. Space THz Tech., pp. 245-257 (1997). 
[5] H. Merkel, “A Hot Spot Model for HEB Mixers Including Andreev Reflection”, 13th

Intern. Symp. Space THz Tech., pp. 53-64 (2002). 
[6] H. Merkel, priv. comm.. 
[7] L. Freytag and R.P. Huebener, “Temperature Structures in a Superconductor as a 
Nonequilibrium Phase Transition,” J. Low Temp. Physics, 60, 377 (1985). 

14th International Symposium on Space Terahertz Technology

295



Table 1: Comparison of the AR factor αth between the measurement and the calculation 

FIGURES 

Figure 1: Experimental setup for the bistability measurement 

Figure 2: Voltage and current waveform in the bistability region of the HEB device 
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Figure 3: Voltage and Current waveform in the fly back measurement with bias current 

I=165µA

Figure 4: Comparison of normalized propagation velocity of the hotspot boundary 
between the measurement and the modified bistability theory 
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Figure 5: IV curve from DC bias supply and IV relation from fly back measurement 

Figure 6: Andreev reflection and possible heat transport in an HEB device 
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Heterostructure Barrier Varactor Frequency Triplers 

to 220 – 325 GHz
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Abstract --- HBV frequency triplers to the WR-3 waveguide band have been designed, 
fabricated and tested. The epitaxial materials used were from the InGaAs/InAlAs material 
system. The initial batch of discrete planar HBVs was designed and fabricated based on a 
three-barrier epitaxial wafer. Individual chips were fabricated and flip-chip mounted on 
existing quartz circuits designed for a Schottky diode tripler. Test results showed that 
these six-barrier planar HBVs could not be fully pumped with available input power of 
about 100mW. To achieve better performance in terms of efficiency and output power, a 
two-barrier epitaxial wafer with lower doping in the modulation layers was designed and 
purchased. With the same mask set as for the previous run a batch of discrete planar HBV 
was fabricated with this new wafer and tested. 

Next, integration of the HBV diodes directly on the quartz circuit was considered and 
determined to reduce parasitic capacitance, ease assembly and improve reliability. 
Therefore our semiconductor-on-quartz integration process was modified to allow the 
formation of InGaAs mesas and an integrated version of the HBV circuit was designed 
and fabricated. This batch of integrated HBV triplers showed dramatically improved 
performance. Output power of 3.87 mW and efficiency of 4.5% at 300 GHz were 
measured with an Erickson PM1B power meter (about 6mW was measured with an 
Anritsu WR-3 meter). Issues concerning the epitaxial wafer design, device fabrication 
and tripler testing will be presented in this paper. 

I. INTRODUCTION 

People are becoming more and more interested in millimeter and submillimeter-wave 
technology for such applications as radio astronomy, chemical spectroscopy and 
atmospheric studies [1, 2, 3]. However, this frequency range is technologically very 
challenging, and amplifiers are not available. Therefore, heterodyne receivers are used in 
this research field to convert, by frequency mixing, the high frequency spectrum to a low 
frequency range where it can be amplified and analyzed. In this application, millimeter 
and submillimeter-wave local oscillators with sufficient output power are needed. 
Because fundamental oscillators and amplifiers do not work well above about 150 GHz, 
frequency multipliers, i.e. nonlinear harmonic generators, are widely used. In principle, 
any nonlinear impedance can be used to generate frequency harmonics. However, 
variable capacitance, or varactor, diodes have better efficiency and power handling 
capabilities than variable resistance, or varistor, diodes for this application. 

HBV’s, which were proposed by Kollberg in 1989 [4], have excellent characteristics for 
frequency tripling. Primarily, this is because HBV diodes have a symmetric C-V 
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characteristic. Thus, for triplers using HBV’s, the second harmonic idler circuitry is not 
necessary because only odd harmonics are produced. Furthermore, DC bias is not needed 
because the capacitance modulation region is centered at zero-bias. Therefore, the circuit 
design is much simpler than that required for a standard Schottky varactor. Also, due to 
the stackable barrier structure of HBVs, large power handling ability can be achieved by 
stacking more barrier layers vertically instead of putting more diodes in series as is done 
with Schottky diode frequency multipliers. HBV triplers have recently been demonstrated 
to have good performance to WR-3 band frequencies by this research and others [5, 6]. 

II. DEVICE FABRICATION 

To make an HBV frequency tripler with greater efficiency, lower leakage current through 
the barrier is preferred. Therefore materials with higher barrier height are preferred. So 
InGaAs/InAlAs/InGaAs materials were chosen in our research instead of 
GaAs/AlGaAs/GaAs.

The MBE grown 3-inch diameter epitaxial wafers were purchased from Global 
Communication Semiconductors, Inc. <http://www.gcsincorp.com/>. The first structure 
is shown in Table 1. Strained thin layers of AlAs are added to improve the barrier height 
[7]. The InAs capping layer was added to make non-alloyed ohmic contacts [8]. 

 Layer Thickness Layer Doping Material Repeat 
10nm n++ InAs  
40nm n++ InxGa1-xAs

x=0.53 to 1 
n++ Contact Layer 

100nm n++ In0.53Ga0.47As
Modulation 300nm 1.7X1017cm-3 In0.53Ga0.47As

Spacer 20nm u-d In0.53Ga0.47As
5nm u-d In0.52Al0.48As
3nm u-d AlAs Barrier
5nm u-d In0.52Al0.48As

Spacer 20nm u-d In0.53Ga0.47As
Modulation 300nm 1.7X1017cm-3 In0.53Ga0.47As

X 3 

n++ Buffer Layer 3 m n++ In0.53Ga0.47As
Substrate 650 m SI InP  

Table 1: Lattice matched InGaAs/InAlAs/InGaAs on InP substrate for 6-barrier HBV. 

To evaluate the quality of the epitaxial material, whisker contacted HBV’s with large 
mesas (diameter of 70um) were made on a 0.2 by 0.2 inch square wafer and tested. Then 
discrete planar HBV’s were made on a 0.4 by 0.5 inch wafer. The fabrication processing 
includes the following steps, 1. modulation mesa etch, 2. ohmic contact metals 
evaporation and lift-off, 3. ohmic contact thermal treatment (around 330 C  to 340 C ),
4. planarization and ohmic contact area reopening, 5. seed layer gold sputtering, 6. finger 
and contact pad patterning and gold plating, 7. photoresist and seed layer gold removal, 8. 
surface channel isolation etch, 9. substrate thinning and device separation. Several 
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variations of HBV’s with different mesa sizes were fabricated. An SEM picture of a 
discrete planar HBV before separation is shown in Fig. 1. 

Fig. 1: SEM of a discrete planar HBV before separation. 

Flip-chip mounting of the discrete HBV diode onto a quartz circuit is always a hard task 
to fulfill. Integration of the HBV diodes with the quartz circuit during the device 
fabrication process makes the tripler block assembly much easier. It also provides perfect 
alignment of the diode to the circuit and reduces shunt capacitance. Therefore, integration 
should improve tripler performance, repeatability and reliability. 

The integrated HBV circuits were made on a 0.4 by 0.5 inch wafer. The fabrication 
processing includes the following steps, 1. wafer bonding on quartz, 2. modulation mesa 
etch, 3. non-alloy ohmic contact metals evaporation (Ti 1000Å / Au 2000Å) and lift-off, 
4. n++ mesa etch, 5. planarization and ohmic contact area reopening, 6. seed layer Ti and 
Au evaporation and Au sputtering, 7. finger and circuit patterning and gold plating, 8. 
photoresist and seed layer metals removing, 9. substrate thinning and device separation. 
An SEM image of an integrated HBV circuit before separation is shown in Fig. 2. 

Fig. 2: An SEM view of an integrated HBV circuit before separation. The dark areas are 
the quartz substrate, the light areas are the deposited metal circuitry and the small InGaAs 

mesa is shown near the left end and is contacted by two air-bridged fingers.
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III. DC AND RF MEASUREMENTS 

A. Whisker Contacted HBV 

The C-V and I-V characteristic of the 6-barrier whisker contact HBV were measured, and 
they showed good symmetry and anti-symmetry, respectively. However, the measured 
value of capacitance at zero bias (1.6pF, see Fig. 3) is significantly larger than calculated 
(1.1pF). The calculation is based on [9], in which the spacer layers are modeled as part of 
the barrier when calculating junction capacitance. If the effect of the spacer layers is 
excluded, the calculated capacitance at zero bias is 2.2pF. Therefore, we believe that a 
significant number of electrons from the modulation layers have diffused into the spacer 
layers and thereby increased the zero bias junction capacitance. 

B. Six-Barrier-Discrete-HBV Frequency Triplers 

After testing at DC bias, a discrete 6-barrier HBV was flip-chip mounted onto a quartz 
circuit and assembled into a tripler block. The RF testing result is shown in Fig. 4. This 
data indicates that the efficiency has not saturated at the maximum available input power. 
Thus, the 6-barrier HBV frequency tripler could have even higher efficiency with higher 
input power. In other words, these HBV diodes are not optimized at the maximum 
available input power. Therefore, we decided to fabricate another batch of HBVs with 
only four barriers to reduce the amount of power required for optimum efficiency.  

C. Four-Barrier-Discrete-HBV Frequency Triplers

The epitaxial structure for 4-barrier HBVs is shown in Table 2. Compared to the 6-barrier 
design, this wafer has fewer barriers (reduced from 3 to 2), lower modulation layer 
doping (reduced from 1.7 x 1017cm-3 to 1.0 x 1017cm-3) and thinner spacer layers (reduced 
from 20nm to 5nm). The first two modifications were made to increase efficiency at the 
available input power. The spacer layers are used to prevent dopant diffusion and electron 
wave function penetration [7]. However, we concluded that five nanometers thick spacer 
layers are sufficient. The thinner spacer layers also make the Cmax/Cmin ration larger, 
thereby yielding higher cut-off frequency and better efficiency [9, 10]. 

The RF testing result of one tripler is shown in Fig. 5. Because the mask set for previous 
6-barrier HBV was used to fabricate this batch of 4-barrier HBV diodes, the junction 
capacitance of this batch is 50% larger. Therefore, the cutoff frequency is lower and 
testing was performed at 81/243 GHz. 

Several sample diodes were sent to Dr. Chris Mann at the Rutherford Appleton 
Laboratory (UK). Their tripler block has both input and output tuning back shorts to 
optimize coupling, while our block has only an input E-H tuner attached externally to the 
block. The RAL results, shown in Fig. 6, are excellent and demonstrate the quality of this 
batch of HBV diodes. 
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Fig. 3: C-V curve of a six-barrier whisker contacted HBV. 
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Fig. 4: Output power and efficiency of a 100/300GHz frequency tripler with a 6-barrier 
discrete HBV. 

 Layer Thickness Layer Doping Material Repeat 
10nm n++ InAs  
40nm n++ InxGa1-xAs

x=0.53 to 1 
n++ Contact Layer 

100nm n++ In0.53Ga0.47As
Modulation 300nm 1.0X1017cm-3 In0.53Ga0.47As

Spacer 5nm u-d In0.53Ga0.47As
5nm u-d In0.52Al0.48As
3nm u-d AlAs Barrier
5nm u-d In0.52Al0.48As

Spacer 5nm u-d In0.53Ga0.47As
Modulation 300nm 1.0X1017cm-3 In0.53Ga0.47As

X 2 

n++ Buffer Layer 3 m n++ In0.53Ga0.47As
Substrate 600 m SI InP  

Table 2: Lattice matched InGaAs/InAlAs/InGaAs on InP substrate for 4-barrier HBV. 
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G2B_H1 at 3x81GHz
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Fig. 5: Output power and efficiency of an 81/243GHz frequency tripler with a 4-barrier 
discrete planar HBV. 

Fig. 6: Output power and efficiency of an 82/246GHz frequency tripler of RAL lab using 
UVa 4-barrier discrete planar HBV. 

D. Four-Barrier-Integrated-HBV Frequency Triplers

In the previous batch of discrete 4-barrier HBV frequency triplers, the design with the 
smallest modulation mesa size had the best efficiency and the efficiency was still not 
saturated at the maximum input power. In the integrated version, several variations were 
included with smaller modulation mesa sizes. 
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A frequency tripler was very easily assembled by bonding an integrated HBV circuit into 
the channel of the block with glue. The RF test data is shown in Fig. 7. This result is on 
par with the best reported HBV frequency tripler at the same frequency [6]. 

G2B_I3 (type 4) at 3x100GHz
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Fig. 7: Output power and efficiency of a 100/300GHz integrated 4-barrier HBV 
frequency tripler. 

E. Output Fix-Tuned Integrated HBV Frequency Triplers 

Encouraged by the results from the previous run of integrated HBV frequency triplers, we 
attempted to improve the performance further by adding a tuning circuit in the output 
matching network of the quartz circuitry. To make sure that we achieve the right 
impedance target, many variations of tuning circuits were designed. Also, modulation 
mesas have just one size which is a little larger than the best performer from previous 
integrated batch. However, the RF test results were only improved marginally. We 
believe the reason is that the output matching for previous untuned integrated version 
may be already good enough. 

IV. CONCLUSION

Discrete and integrated HBV frequency triplers to WR-3 waveguide were designed, 
fabricated and tested. Integration significantly improved the tripler performance and 
reliability because of the better alignment, lower parasitic capacitance and easier 
assembly. Output power of 3.87 mW and efficiency of 4.5% at 300 GHz were measured 
with an Erickson PM1B power meter (about 6mW on with an Anritsu WR-3 meter). This 
tripler can be a good LO source for a heterodyne receiver or a good input source for 
another multiplier to higher frequencies. 
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Abstract
A compact uni-traveling-carrier photodiode (UTC-PD) module with a WR-8

rectangular waveguide output port for operation in the F-band (90 - 140 GHz) has been
developed.  A resonating matching circuit integrated with a UTC-PD and a microstrip-
line-to-rectangular-waveguide transformer are designed to realize high output powers with
a wide bandwidth covering the F-band.  The module size and configuration are equivalent
to those of conventional optoelectronic devices, which enables the use of standard assembly
technology.  The fabricated module exhibits a record millimeter-wave output-power of 17
mW at 120 GHz for a bias voltage of -3 V.  The 3-dB down bandwidth is as wide as 55
GHz, which fully covers the F-band.  An optical input stress test at a photocurrent of 10
mA performed to confirm the long-term stability of the module showed that the dark
current stays below 1 µA for more than 3000 hours.  

Introduction
Photonic generation of millimeter (mm) and sub-mm wave signals is a promising

technique for a local oscillator system in radio telescopes [1] because it provides an
extremely wide bandwidth and can use low-loss fibers for transmission of very-high-
frequency signals.  For example, in one of the options proposed for the Atacama Large
Millimeter/sub-millimeter Array (ALMA) [2], signals in a very wide frequency range from
about 80 to 160 GHz have to be distributed to 64 antennas within an area of ~10 km2.  In
addition, the use of a high-output-power O/E conversion device can eliminate the costly
post amplification circuit and thus simplify the system configuration.  Thus, the photonic
local oscillator system requires a photodiode that has a high-output-power as well as
superior high-frequency characteristics.  The uni-traveling-carrier photodiode (UTC-PD)
[3] is one of the best solutions, because it provides a high 3-dB down bandwidth (f3dB) and
a high-saturation-output power simultaneously. To date, excellent performance, an f3dB
of 310 GHz [4] and an output power of over 20 mW at 100 GHz [5], has been demonstrated.
These features come from the unique operation mode of the UTC-PD in which only
electrons are the active carriers traveling through the junction depletion region [3].  For
practical use, especially in the frequency range above 100 GHz, the device should be in a
module with a rectangular waveguide (WG) output port, because the useful frequency
range of the coaxial connector is limited to below ~100 GHz.  Although photodiode
modules with a waveguide output port have been reported [6, 7], they are generally bulky
and incompatible with standard optoelectronic (O/E) device assembly technology.
Recently, we have developed a compact waveguide output UTC-PD module for operation
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in the W-band (75 - 110 GHz) [8].  This module exhibits a very high mm-wave output
power of 11 mW at 100 GHz, which is about two orders of magnitude larger than that
obtained by a pin-PD module at the same frequency [6].  Despite these promising results,
it is still necessary to develop photodiode modules operating at higher frequencies to fulfill
the requirements for a much simpler local oscillator system [2].  

In the present work, we have developed a WR-8 waveguide output UTC-PD module
for operation in the F-band (90 - 140 GHz), which is suitable for use in a photonic local
oscillator system.  Its size and configuration are equivalent to those of conventional
semiconductor optoelectronic (O/E) devices, so that it is compatible with standard
assembly/testing equipment for O/E device modules.  The module was designed to
generate high output power in the F-band, and the output power characteristics as well as
the stability for long-term operation were evaluated.  

Design and Fabrication
A. Photodiode

At frequencies above 100 GHz, it is important to implement methods for improving
output power because the influence of the CR time constant of the PD becomes significant
in a conventional wide-band design.  A resonating matching circuit is a promising
technique to improve the O/E conversion efficiency, which it achieves by compensating the
imaginary part of the internal impedance in the UTC-PD at a designed frequency.  The
matching allows us to use a relatively large area (large junction capacitance) device to
increase saturation photocurrent level and reduce self-heating of the PD.  This matching
circuit simultaneously acts as an integrated bias circuit, which eliminates hybrid integration
of a fine-structure bias-line in the waveguide-output module.  Thus, we fabricated a UTC-
PD integrated with a short-stub matching circuit [5, 9] (Fig. 1).  The stub length was
optimized to be 70 µm to make the output power peak at around 120 GHz.  

The UTC-PD epi-layers were grown by MOCVD. The absorption layer consists of
p-InGaAs (p = 4 × 1017 /cm3, 122 nm), p-InGaAs (p = 1 × 1018 /cm3, 10 nm) and undoped
InGaAs (8 nm), and the collection layer consists of undoped InGaAsP (16 nm), undoped
InP (6 nm), n-InP (n = 1 × 1018 /cm3, 7 nm) and n-InP (n = 2 × 1016 /cm3, 201 nm).  The
rest of the structure is similar to ones reported previously [3,10].  Hexagonally shaped
double-mesa edge-illuminated refracting-facet UTC-PDs with an absorption area (S) of 74
µm2 were fabricated by wet chemical etching and metal-lift-off processes.  This relatively
large absorption area for increasing the maximum output power is possible because the
matching circuit effectively compensates the imaginary part of the internal impedance of
the UTC-PD.  Each device was integrated with 50- CPWs (one for the output, one for
the short-stub) on the InP substrate.  These passive elements were monolithically
integrated without employing an additional process step in the standard UTC-PD process.
The MIM capacitor has a capacitance of 2 pF.  Then, the refracting facet structure [11]
was fabricated on the side of the PD by using the spontaneous etch-stop nature of InP on
the (111)A facet.  The side of the device was then anti-reflection coated and the wafer was
cleaved into chips.  The chip size is 300 µm × 450 µm, and all elements are integrated
within this small area.  The responsivity measured in a broad-area device at = 1.55 µm
was 0.4 A/W.  
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Fig. 1. Micrographs of the fabricated UTC-PD chip with an integrated matching circuit.    

Fig. 2. Schematic drawing of the module configuration.  
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B. Module
To maintain good fabrication yield and performance reproducibility, the module

should be compatible with standard electrical/optical assembly technology.  We therefore
developed a waveguide output UTC-PD module whose size and configuration are
equivalent to those of the conventional butterfly-type O/E device module.  Figure 2 is a
schematic drawing of the module configuration.  MSL based transformer was designed
and fabricated on a quarts substrate (thickness: 150 µm) to electrically connect the PD to
the rectangular waveguide output port with low loss and less frequency dependence.  It
has an impedance transform circuit (from 50 to 75 ) on the PD side, and an MSL-to-
rectangular-WG coupler on the other side.  Figure 3 shows the return loss of the
transformer against frequency calculated by using a three-dimensional numerical simulator
(High Frequency Structure Simulator; HFSS).  Here, the size of the coupler and the back-
short depth were chosen to be 390 µm × 220 µm and 640 µm, respectively, as optimum
values.  As seen in this figure, the return loss is successfully suppressed to less than -10
dB in the entire frequency range in the F-Band, and the transmittance of this transformer
has nearly flat frequency dependence and is larger than -0.5 dB in the F-Band.  The
transformer connecting the UTC-PD and the WR-8 waveguide was placed in a trench
(width × height = 0.6 × 0.5 mm) on a sub-mount, and the UTC-PD chip was electrically
connected to the quartz transformer using gold ribbons.  A DC bias pad was also
electrically connected to the DC-bias port on the side of the package through a series
resistor (50 ) and a parallel capacitor (2.2 nF) to protect the PD from external electrical
surges.  Then, a fixed back-short, which eliminates mechanical tuning, was placed on the
sub-mount.  Thus, the output signal goes to the bottom side of the sub-mount shown in Fig.
2.  Finally, the photodiode was optically coupled to the optical fiber using a two-lens
system, and these optical parts were welded onto the package using an automated YAG
laser welder.  This assembly technique provides highly stable optical alignment between
the photodiode and optical fiber.  The entire fabrication sequence is quite similar to that of
the conventional O/E device module, so that standard assembly/testing equipment can be
used.  The optical beam was slightly defocused on the device, so that the effective
responsivity became about 0.35 A/W.  

Figure 4 is a photograph of the fabricated module connected to the WR-8 waveguide.
The module size is 12.7 mm × 30 mm × 10 mm, excluding the optical fiber.  The
rectangular waveguide output port is located on the bottom side of the module and
connected to a standard F-3922/67B-008 flange using a miniaturized waveguide extension.
A miniature SMC connector was used as the DC bias port.  
C. Characterization

The mm-wave output characteristics of the fabricated module were measured using a
power meter (DORADO, DS-28-6A).  For the output power characterization, pulse trains
from an actively mode-locked laser diode operating at 60 GHz were optically multiplexed
by using an arrayed waveguide grating [12] to prepare quasi-sinusoidal 120-GHz mm-wave
light signal ( = 1.55 µm, FWHM: 1.5 ps).  For the measurement of frequency
characteristics, the optical sinusoidal signal was prepared by two-mode beating using two
wavelength-tunable laser-diodes ( 1.55 µm) so that the mm-wave frequency could be
changed in a very wide range.  The optical modulation index of this signal was close to
unity.  
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                Fig. 3. Calculated return loss of the transformer.  

Fig. 4. Photograph of the waveguide-output URC-PD connected to the WR-8 waveguide
port.  
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Experimental Results
Figure 5 shows the relationship between measured mm-wave output power and diode

photocurrent for the fabricated module at a frequency of 120 GHz.  Here, the input optical
power was changed.  A wide linearity is maintained up to a very high mm-wave output
power of over 10 mW.  The saturation point of the output power increased with increasing
bias voltage, and the maximum output power of 17 mW (at a photocurrent of 25 mA) was
obtained at a bias voltage of -3 V.  To our knowledge, this is the highest mm-wave output
power directly generated from a PD module in the F-band.  The variation of the maximum
output power against bias voltage is attributed to both the shift in the operating voltage
along the load line and the space-charge effect in the collection layer [5].  

Figure 6 shows the relative output power against frequency for a photocurrent of 10
mA.  The output 3-dB down bandwidth was about 55 GHz, which fully covers the F-band.
The solid curve in the figure is a fitting calculation based on an analytical model of the
matching circuit.  The experimental result agrees well with the calculation, indicating that
most of the frequency variation is that of the integrated matching circuit, and thus the
frequency variation of the transformer is considered to be reasonably flat in the measured
range.  In addition, the steep decrease of the output power at the low-frequency side is due
to the cut-off characteristics of the WR-8 waveguide (at 73.8 GHz), which were not
included in the calculation.  In the high-frequency region, on the other hand, the output
power does not decrease steeply with increasing frequency.  This is because higher-order-
mode output is possible in the frequency region above 147.6 GHz.  Thus, the fabricated
module can cover the required frequency range for ALMA (from about 80 to 160 GHz [2])
by itself.  

Figure 7 summarizes the reported maximum RF output powers against the operation
frequency for UTC-PDs [7,8,13-16] and conventional pin-PDs [6,17-19].  The difference
between the two types of devices becomes larger as the frequency increases, and the output
power of the UTC-PDs becomes about two orders of magnitude larger at around 120 GHz,
reflecting their much higher saturation current level.  These results clearly demonstrate
that the UTC-PD is a promising device for generating high-power mm-wave signals
without electrical power amplifiers.  Moreover, the output power from the UTC-PD
module in this study is comparable to those obtained by the UTC-PD chips.  This implies
that the transformer connecting the UTC-PD to the rectangular waveguide has a low
transmission loss.  

For the practical use, long-term stability is also an important issue.  Although bias-
temperature and optical-input stress tests have confirmed that UTC-PDs designed for 40
Gbit/s optical communication systems have excellent reliability [20], we also measured the
variation of dark current in the fabricated waveguide-output module under optical input
stresses at room temperature (Fig. 8).  Here, the module designed for the operation in the
W-band [8] was used.  The internal configuration of this module is identical to the one for
the F-band.  The module was biased at -2 V with an optical input corresponding to a
photocurrent of 10 mA (responsivity is about 0.35 A/W).  Except for the initial increase,
the dark current stays at a very low level for more than 3000 hours.  These values are
considerably lower than the generally required level for high-speed PDs of 1 µA.  This
indicates that the fabricated UTC-PD chip is reasonably reliable.  The changes in
responsivity and mm-wave output power at the same photocurrent were also confirmed to
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be very small after this long-term stability test.  These results indicate that the optical
alignment by YAG laser welding as well as the device parameters, such as series resistance
and junction capacitance, are quite stable.  

Fig. 5. Relationships between the measured mm-wave output power and diode
photocurrent at 120 GHz for several bias voltages.  

Fig. 6. Relative output powers from the module against frequency.  The solid curve in
the figure is a calculation based on an analytical model.  
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Fig. 7. Comparison of reported mm-wave output power against the operation frequency
for UTC-PDs and pin-PDs.  Circles are for UTC-PDs and triangles for pin-PDs.
Open marks are for chips, and closed ones for modules.  Numbers in the figure
correspond to the references.  

Fig. 8. Variation of the dark current against time under optical input and reverse bias
stresses.  
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Summary
We have designed and fabricated a uni-traveling-carrier photodiode module having a

rectangular waveguide output port for operation in the F-band.  The module is designed to
be compatible with standard assembly technology.  It exhibits a record maximum
saturation output-power of 17 mW at 120 GHz, and a 3-dB bandwidth as wide as 55 GHz,
which fully covers the F-band.  The stability of the module was also characterized under
an optical input stress (photocurrent = 10 mA). It was found that the dark current stays at
a sufficiently low level for more than 3000 hours, and the mm-wave output power does not
change during that time.  These results clearly demonstrate that the waveguide-output
UTC-PD module is highly promising for use as a high-power photonic mm-wave generator
in a photonic local oscillator system in radio telescopes, such as ALMA.  
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Abstract

A study initiated by the European Space Agency was recently concluded, which aimed at 
identifying the most promising technologies to significantly improve on the generation of 
coherent electromagnetic radiation in the THz regime for space applications.  The desired 
improvements include, amongst others, higher output powers and efficiencies at increas-
ingly higher frequencies, wider tunability and, possibly, miniaturization. 

As the title of the paper suggests, the baseline technologies considered from the start in 
this study revolved around optical schemes, such as photomixing, compared to all elec-
tronic techniques.  However, emphasis was put on conducting a perusal of any scheme 
found in the literature and performing an overall comparison with a fixed set of criteria.  
To this end, a number of universities and research institutes were involved to allow for a 
sufficient coverage of all relevant technical and research areas and, thus, ensure a review 
of both current and emerging technologies in this field that would be as thorough and 
complete as possible. 

The review study combined published results and mathematical modelling in order to de-
termine the theoretical performance limitations of a given technology and/or scheme.  
The basic requirements to help crystallize selection criteria were, broadly speaking: 
power performance, linewidth, tunability and space worthiness in the frequency range ~1 
to 3 THz. 

Some of the most significant findings will be presented together with the two technolo-
gies selected for medium to short term development.  These are a scheme using advanced 
p-i-n photomixer superlattice structures and, reflecting recent results, THz Quantum Cas-
cade Laser technology. 
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Introduction 

Several Terahertz heterodyne technology development activities have been initiated and 
funded in the past years by the European Space Agency (ESA) mainly in response to the 
technological needs of the Herschel Observatory mission.  Several of these activities are 
still ongoing and were well represented at this conference [1–8]. 
These include: 

- Superconducting mixer development [1–4] 
- Multipixel heterodyne HEB receiver [6] 
- Far-IR optics design and verification tools [5] 
- Optical Far-IR wave generation 

This paper deals with the last activity, which is complementary to the mixer development 
activities.  In particular, any multipixel heterodyne receiver requires considerable LO 
power if the same source is used for several pixels.  Presently, there exists no compact 
THz source to do this.  Therefore, the development of compact, Spaceworthy, high power 
sources is considered by ESA as an enabling technology for instruments incorporating 
THz mixer arrays.  The title of the development activity pointed from the outset that this 
should be achieved by optical means.  Indeed, this was also a conclusion of the study. 

Study Rationale 

The optical Far-IR wave generation activity was split into two phases.  In the first phsse, 
current technologies were reviewed from available scientific literature and their potential 
analysed in turn using modelling and first principle calculations.  In the second phase the 
most promising technologies will be developed. 
The first phase was articulated according to a set of tasks summarized as follows: 

- Establish the theoretical limit for the maximum output power from multipliers 
at the frequencies under consideration, 

- Survey and assess the various novel techniques for the generation of THz 
power,

- Demonstrate the experimentally achievable capabilities of photo-mixer de-
vices based on LT GaAs, p-i-n diodes, and of lasers for THz power genera-
tion,

- Survey and assess the measurement, characterisation and system techniques 
and requirements for optical far-infrared power generation, and 

- Outline the technological development plan and a detailed technological road-
map for the most promising technology. 

In this phase two competing research consortia were contracted to perform the review in 
parallel.  One consortium is represented by the co-authors of this paper; the Rutherford 
Appleton Laboratory led the other consortium.  At the end of this first phase, only one of 
the two consortia would be selected to continue the actual technology development on 
grounds of the novelty of the selected optical THz technology or scheme.  This way, the 
quality of the review was ensured through competitiveness. 
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Here, only the results of the winning consortium will be presented.  This will not affect 
the completeness of the results since most conclusions regarding existing technologies 
were similar for both consortia and only the conclusions on the implementation of the 
technology roadmap differ. 
The second phase is currently ongoing and focuses on development of the most promis-
ing technologies selected in the first phase according to a development roadmap. 

Summary of Results 

The selection criteria used in the review reflected both the desired characteristics of an 
ideal THz source for space applications as well as the actual technologies considered in 
the study.  Without loss of generality, however, one can summarize the following list of 
criteria:

- Maximum output power 
- Conversion (optical) efficiency 
- Electrical efficiency 
- Maximum output frequency 
- Frequency stability 
- Linewidth
- Spectral purity 
- Tunability
- Operating conditions (temperature, current, voltage, magnetic field, vac-

uum, etc…) 
- Coupling issues 
- Miniaturization
- Space qualifiability 

The current state-of-the-art THz source technology for space is represented by solid-state 
frequency multiplication.  Therefore, the theoretical limit of multiplier circuits with 
Schottky varactor diodes were established in this study by simulation and the simulated 
results were subsequently used for comparison with experimental results from photomix-
ing and laser experiments.  Although impressive results have been demonstrated up to 
almost 2 THz [9–10], the resulting efficiencies and output powers are really only suffi-
cient to drive single pixel mixers rather than mixer arrays.  Furthermore, efficiency 
plummets at higher frequencies such that is believed to be difficult to push these results 
above 2.5 THz.  This is due to the fact that the doping concentrations for the Schottky 
varactor devices employed in these multipliers ought to be well above 1 .1017 /cm3.  At 
these doping levels the contribution of the parasitic tunneling current becomes large and 
the Cmax/Cmin ratio is lowered.  Consequently, the efficiency rapidly deteriorates. 

Furthermore, a large number of other known and published techniques for the generation 
of THz power, with special emphasis on their CW THz power capabilities have also been 
considered in the study but have been rejected from the technology development road-
map, at least for the time being, on the basis of their shortcomings with respect to selec-
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tion criteria listed above.  In the following sections these results will not be presented for 
brevity’s sake. 

In summary, the technologies selected for the development roadmap are optical pho-
tomixing and direct THz laser generation.  The state-of-the-art in the area of photomixing 
is currently set by two device concepts, namely the LTGaAs MSM structures and the p-i-
n diode structures.  Both device concepts have already demonstrated the working princi-
ple but are still far from the requirements in output power for receiver applications at 
THz frequencies.  These techniques and the other published in the literature will be con-
sidered in this study report. 
Direct generation of THz power with either Quantum Cascade Laser structures or p-Ge 
lasers was also thought to be very promising.  In particular THz QCLs have been intro-
duced only recently and their potential in performance, especially for operation in the 
higher end of the THz frequency range, is of great interest in the preparation of new ap-
plications. 

Introduction to Photomixers 

The generation of high frequency radiation by photomixing is based on generating peri-
odically charge carriers in a semiconductor by two lasers emitting at nearly the same pho-
ton frequencies 0, detuned by the beat frequency THz.  If these photo-generated carriers 
are subjected to a DC electric field F0 applied between two contacts connected to an an-
tenna, a THz current ITHz(t) is induced by the photo-generated carriers, which, depending 
on the load represented by the antenna, leads also to an AC voltage UTHz(t) at the con-
tacts.  If the beat frequency is low compared to the inverse carrier transport time 1/ , the 
AC current and voltage will follow the carrier generation fully in phase with the beat fre-
quency and with an amplitude,  

I0 = e (dN/dt) = e ph (PL/h 0) (1) 

Here, e stands for the elementary charge, dN/dt is the electron-hole pair generation rate, 
which is equal to the average photon absorption rate ph PL/h 0; PL is the laser power, h 0

the lasers photon energy and ph the fraction of incident photons absorbed in the active 
part of the mixer.  The “carrier transport time” can be either the transit time between the 
contacts or the recombination lifetime.  Assuming reasonable values for the high-field 
drift velocities vdr of electrons and holes of the order of 107 cm/s and contact separations 
L of the order of a m, we expect transit times tr = L/vdr of the order of 10 ps, i.e. the 
condition for maximum AC photocurrent is fulfilled only if the beat frequency is << 
1/10ps = 100 GHz.  In general, when this condition is not fulfilled it can be shown that 
the following relation relates the AC current to the average current: 

ITHz(t) = I0 (1+2 i THz tr)
-1 cos(2 THzt) = e ph (PL/h 0) (1+2 i THz tr)

-1 cos(2 THzt) (2) 
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Thus, at THz-frequencies the amplitude of the THz-current ITHz
0 is much smaller than I0.

At first glance, the situation would seem to improve drastically, if the carrier transport 
time were to become much smaller than the transit time.  This happens if transit times are 
limited due to the recombination lifetime rec << tr, so that rec replaces tr in Equ. (2).  
However, in this case each photo-generated carrier no longer contributes the same 
amount to I0, as its drift length ldr = vdr rec is now only the fraction ldr /L, i.e., the photo-
conductive “gain” g = ldr /L = ( rec/ tr) becomes << 1. 
Now, by replacing the expression for I0 given in Equ. (1) by the following,    

I0 = e (dN/dt) (v /L) = e ph (PL/h 0) ( rec/ tr) (3) 

into Equ. (2), one finds that 

ITHz(t) = I0 (1+2 i THz rec)
-1 cos(2 THzt) = e ph (PL/h 0) ( rec/ tr) (1+2 i THz rec)

-1

cos(2 THzt) (4)

We see that for rec << tr: (i) the 3dB-frequency becomes much larger, i.e. 3dB = 
1/2 rec, instead of 3dB = 1/2 tr, (ii) the amplitude of the AC current for THz >> 3dB

given by ITHz
0 = e ph (PL/h 0) (2 THz tr)

-1 is unchanged, whereas (iii) the DC current I0

is strongly reduced by g  = ldr /L = ( rec/ tr).

For arbitrary THz the emitted THz power can be estimated by, 

PTHz = ½ (ITHz
0)2 Ra = ½ {e ph (PL/h 0)}

2 ( rec/ tr)
2 [1+(2 THz rec)

2]-1 Ra = PTHz
id

( rec/ tr)
2 /[1+(2 THz rec)

2] (5) 

where,

PTHz
id = ½ {e ph (PL/h 0)}

2 Ra (6)

corresponds to the THz-power emitted by an ideal photomixer, assuming ph= 1.  Ra is 
the radiative resistance of the antenna, which is typically in the order of 50 to 100 .  For 
an ideal GaAs photomixer (with h 0 = 1.43 eV  Eg) the following values are expected: 
Ra = 70  and PL = 10 mW value of PTHz

id = 1.7 mW, corresponding to a conversion effi-
ciency THz = PTHz/PL = 17 %. 

Assessment of Photoconductors 

LT-GaAs is used in photoconductive photomixers because of the short electron and hole 
capturing and recombination lifetime.  Minimum values of rec = 130 fs have been re-
ported, corresponding to a 3dB frequency of 1.2 THz.  In optimized LT-GaAs-
photomixers the photoconductive area consists of an LT-GaAs-layer with a thickness of 
the order of 1 m and an interdigitated contact structure with contact separations of L =
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1.8 m, covering a quadratic area of  8 x 8 m2.  Using again vdr = 107 cm/s we obtain tr

= 18 ps.  The maximum laser power is typically about PL = 100 mW.  With these values 
Equ. (5) yields, at 1 THz, a value of PTHz

th = 170mW (0.130ps/18ps)2/(1+0.67) = 5 W,
or an optical conversion efficiency of THz

th = 5 x 10-5.  These values are rather close to 
the best-reported experimental values of PTHz

exp = 2 W and THz
exp = 2 x 10-5, respec-

tively [11].  It should be noted that, although in this case THz is slightly smaller than 3dB,
the low efficiency at this frequency does not result primarily from the short recombina-
tion lifetime, but rather from the long transit time.  For rec >> 130 fs, Equ. (5) yields only 
a slightly higher value of PTHz =  PTHz

id (1/2 THz tr)
2 = 13 W.

In fact, the real advantage of the short recombination lifetime is the reduction of the 
steady-state carrier density at such high laser power.  A simple estimate yields an average 
photo-induced carrier density in the LT-GaAs layer of about 1015cm-3 for the present ex-
ample.  Although seemingly small this carrier density tends to screen the electric fields 
between the contacts, thus lowering the photocurrent, provided that the drift velocities of 
electrons and holes are not equal.  Even if the steady state carrier density were deter-
mined by an ideal carrier transit time of about 20 ps, the photo-induced carrier density 
would be larger than 1017 cm-3.  In this case, even extremely high external voltages would 
be nearly completely screened by space charge building up near the contacts. 

Inspection of Equ. (5) suggests that the most promising approach for improving on the 
performance of photomixers might be a reduction of the transit time by reducing the con-
tact separation L.  Unfortunately, a reduction of L, while keeping the active area constant, 
results in an increase of the capacitance approximately proportional to L-2.  Taking into 
account that the present example represents already the design where the RC-3dB fre-
quency RC = 1/2 RaCLT  1THz (CLT is the capacitance of the LT-GaAs layer with the 
interdigitated contacts) this implies a superlinear roll-off of the AC current ITHz with de-
creasing L which overcompensates the expected linear increase. 

These simple theoretical design considerations are supported by the empirical observation 
that in spite of significant efforts no fundamental improvement of performance has been 
achieved in the field of LT-GaAs photomixers during the past years.  In principle, the 
RC-roll-off problem can be overcome by taking advantage of the traveling wave concept.  
At suitably chosen angle of incidence of the photomixing lasers the interference pattern 
and, thus, the phase of maximum photocurrent generation can propagate with the same 
speed as the THz mixing signal in an active transmission line with LT-GaAs in between 
[12–15].

Assessment of Photodiodes 

Similar considerations as outlined above can be applied also to p-i-n photomixers.  One 
obtains the ideal value for the emitted THz power, according to Equ. (6) if the amplitude 
of the AC current, ITHz

0, is affected neither by the RC nor by the transit time roll-off, pro-
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vided that ph =1.  In the general case the product of the corresponding roll-off factors 
reduces the emitted power:  

PTHz = ½ (ITHz
0)2 Ra [1+( THz/ RC)2]-1  = PTHz

id [1+( THz/ RC)2]-1 [1+( THz/ tr)
2]-1 (7) 

The RC-3dB frequency RC = 1/(2 RC)= 1/(2 RaCpin) (with Cpin= LxLy/4 Lz and =
dielectric constant) scales linearly with the i-layer thickness Lz and inversely with the 
sample cross section.  Thus large Lz and small cross section appear attractive.  On the 
other hand, the transit time 3dB-frequency tr  1/2 tr increases with the transit times be-
coming short.  Thus, small values of Lz appear attractive. An optimum value of Lz for a 
pin photomixer can be determined from the condition RC = tr.  The transit time is (con-
ventionally) determined by tr = Lz/vdr, where for typical fields vdr = vsat = 107cm/s is 
taken for electrons in GaAs, as the electrons are traveling at the (nearly field independ-
ent) saturation velocity vsat, whereas vdr = hF is taken for the holes.  Taking vdr = 
107cm/s for electrons and holes and assuming a reasonable minimum value of the cross 
section (Lx = Ly =  5 µm) we obtain Lz

opt = 0.33 µm and opt = GHz.  According to 
Equ. (7) the emitted THz power is then expected to be a factor of 4 less than PTHz

id.  At 1 
THz the emitted THz power should be still about 0.05 % of the ideal value.  A major 
limitation of pin-photomixers is due to field screening effects.  As the photo-generated 
electrons and holes drift towards the n- and the p-layers, respectively, with transit times 
in the ps range, a stationary space charge distribution – changing from positive sign near 
the p-layer to negative sign towards the n-layer – builds up in the i-layer.  In order to 
maintain a sufficiently high field for the fast transport throughout the whole i-layer an 
increasingly large reverse bias is required if the laser power increases.  In our case about 
10 V reverse bias are necessary for PL = 100 mW.  With a photocurrent of 70 mA a dissi-
pated electrical power of 700 mW (!) would result.  With Ra = 70 , e.g., a value of PTHz

= 75 µW, would be obtained, which would represent a drastic improvement by 1 to 1 ½ 
orders of magnitude compared to the theoretical or the best experimental LT-photomixer 
results, respectively. 

There are only a few reports on pin photomixers found in the literature.  The best results 
reported are 2mW @ 100 GHz and 100 nW @ 0.625 THz achieved with 100 mW laser 
power [16–17].  More recently, 17 mW @ 120GHz was obtained [18]. 

Novel n-i-pn-i-p  Superlattice Photodiode Concept 

As the current in photomixers is uni-directional, the transport time ideally should be less 

Figure  1: In order to reduce the drift length but keeping the capacitance of the 

whole structure constant, the pin-diode is subdivided into N nano - pin-diodes. 
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than about one half of the THz period, i.e. tr < TTHz/2.   As these times are in the fs 
range, this implies that for the time of interest the transport can be ballistic.  During this 
time electrons acquire a velocity strongly exceeding the high-field drift velocity and, con-
sequently, contribute a much larger amount to the current and propagate over a longer 
distance.  As transport for times > TTHz/2 is counterproductive it is advantageous if the 
electrons are stopped after a time of about TTHz/2.  As (ballistic) holes are much slower, it 
is desirable that transport is mainly carried by the electrons.  To a good approximation 
ballistic electron transport in the uniform electric field of a pin diode can be described by 
a velocity linearly increasing in time until the minimum energy for scattering into higher 
side valleys, E L  250 meV in the case of GaAs, is reached.  The average velocity is 
vbal = vmax/2 = 5 x 107cm/s with vmax determined from mcvmax

2/2 = E L (where mc stands 
for the effective conduction electron mass in the -valley).  As vbal is by a factor of 5 
higher as vsat, for a given flight time of TTHz/2 the electrons travel over correspondingly 
larger distances lz = vbalTTHz/2 = vbal/(2 THz).  For THz = 1 THz, e.g., we obtain lz = 250 
nm.  In order to avoid that the capacitance becomes too high and, hence, the RC–3dB 
frequency too low, we keep Lz sufficiently large to assure that 3dBt THz by subdividing 
Lz into a superlattice consisting of N nano – p-i-n diodes of length lz, i.e. Lz = N lz, as 
shown schematically in Fig. 1.  As the photo-generated carriers are now distributed over 
N superlattice periods the AC current amplitude ITHz

0 is reduced by a factor of N.  Hence, 

PTHz =  PTHz
id N-2[1+( THz/ RC)2]-1 [1+( THz/ tr)

2]-1. (8) 

For a given THz-frequency, THz, the optimized number of superlattice periods, Nopt, is 
obtained from the conditions RC = THz  and tr = THz.  For a superlattice of N periods 

RC is given by 3dB= 1/(2 RaCtot) with

Ctot = LxLy/(4 Nlz) = THz LxLy/(2 Nvbal), (9)

which yields, together with tr = 1/2 tr = vbal/2lz

Nopt = ( THz)
2Ra LxLy/vbal (10)

and

PTHz
opt = ½ (e ph PL/h 0)

2 Ra / (2Nopt) –2   =  ½ (e ph PL/h 0)
2 vbal

2/[4Ra ( THz
2 LxLy)

2] (11)

Equ. (11) suggests that the THz power increases quadratically with the laser power and 
decreases with the 4-th power of the THz frequency and quadratically with the cross sec-
tion of the mixer.  For sufficiently high values of THz the emitted THz power is, in fact, 
limited only by the maximum laser power, which can be dissipated by the mixer and the 
minimum device dimensions Lx and Ly that can be achieved.  In the range of 1 THz, how-
ever, the minimum cross section at a given laser power is limited by the maximum toler-
able field changes in the i-layer, where the ballistic transport takes place.  This field 
change is proportional to the laser power and inversely proportional to the THz fre-
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quency, the number of periods and the capacitance.  Using Equ.s (9) and (10) for Ctot and 
Nopt we see that ultimately the field changes are proportional to PL(LxLy)

-2
THz

-4.
For our estimates we take PL=100 mW (as typically used in the LT-GaAs photomixing 
experiments; the n-i-pn-i-p photomixer can most probably tolerate even higher power, as 
no external voltage is to be applied to these devices, in contrast to the LT-GaAs pho-
tomixers, where the high voltage at the Schottky contacts is the origin of thermal failure 
near PL exceeding 100 mW).  At THz = 1 THz one finds lz

opt = 250 nm.  The condition 
that periodic field changes should be less than ± 25 % yields Lx = Ly = 9 µm and Nopt = 
10.  According to Equ. (11) one finds  PTHz = 425 W.   For THz = 3 THz one finds lz = 
93 nm.  At this frequency the periodic field changes turn out to be far below the critical 
values, even if the dimensions are reduced to Lx = Ly = 5 µm (the smallest values which 
can be achieved “easily”).  In this case one finds Nopt = 28 and PTHz = 54 µW. 

For the realization of the concept one has to bear in mind: 

1) The transport should predominantly be carried by the (light, and therefore fast) elec-
trons

2) The potential drop between the starting and arrival point of the electrons should be of 
the order of the energy difference L between - and L-valley (in case of GaAs). 

3) Although after arrival the velocity of the carriers is zero the electrons at the minimum 
of the conduction band have to recombine fast enough with the holes at the valence 
band maximum in the neighboring n-i-p-diode (See Fig.1) in order to avoid too much 
carrier accumulation. 

4) Although we discuss here only the example of GaAs-based photomixers other com-
pound semiconductors (like InGaAs) have even more favorable properties regarding 
vbal and the critical energies for scattering into side valleys L or X.

In Fig. 2 one period of the proposed “n-i-pn-i-p superlattice” structure, designed to meet 
these requirements is shown.  The individual “n-i-p-electron – transport diodes” which 
are designed to have the optimum length le for the ballistic electron transport and a short 
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transport length lh for the holes for the chosen  THz-frequency are connected to each 

h =L EG
GaAs

EG
AlGaAs

lz,h lz,e
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h
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+
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Figure  2: Band diagram, Al-content and doping profile of

one period of the n-i-pn-i-p-superlattice

other by “recombination pn-junctions”.  These junctions are highly doped and contain a 
thin electron-hole recombination layer composed of either LT-GaAs or ErAs [19] and
will be discussed in more detail below.  The Al-content is asymmetrically graded in the i-
layers (see Fig.2).  Because of the varying band gap in the i-layer the electron generation 
takes mainly place near the point of minimum band gap as indicated in Fig.2, if the laser
photon energy is suitably chosen.  In Fig. 2 the band diagrams are shown for both the 
ground state and the excited state at illumination with high excitation energy.  The 
ground state (dotted lines) is characterized by a common Fermi level in the n- and the p-
layers.  The sheet electron and hole density in the ground state is n0

(2) and p0
(2), respec-

tively.  As the photo-generated electrons and holes do not recombine instantaneously an 
additional sheet electron and hole density n(2) = p(2) builds up under illumination.  This 
space charge partially screens the built-in potential.  This results in a splitting of the 
quasi-Fermi levels for the electrons in the n-layers and the holes in the p-layers np = n - 

p (full lines in Fig. 2).  Under photomixing conditions the average photocurrent gener-
ated per period of the n-i-pn-i-p superlattice, I0/N, is flowing through the recombination
diode as a (nearly constant) recombination current.  The value of np und thus also the 
potential drop within the “n-i-p electron – transport diodes” and the “np recombination
diodes” corresponds to eUnp , where Unp stands for the forward bias at which just this cur-
rent I0/N is flowing in the “pn recombination diode”.  Under ideal operation conditions 
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the average value of np = eUnp  should be somewhat larger than Eg – L and the ampli-
tude of the (THz)-periodic variation of np should be significantly smaller than np, as
discussed in the paragraph  following Equ. (11). 

Simple estimates show that depending on the laser power and the number of periods the 
current density in our devices will be in the order of  jav =1 to 100 kA/cm2 because of the 
small cross sectional area LxLy, required according to Equ.s (9) to (11).  As these values 
are required for a photo-induced Fermi level splitting of np = eUnp  1 eV these values
turn out to be by many orders of magnitude larger than in standard pn-junctions.  There-
fore, special “pn recombination diodes” have to be used, as shown in Fig. 2.  In Fig. 3 the 
measured current density vs voltage curves for strongly doped p-n diodes with a 1.2
monolayer thick ErAs recombination layer at the interface and nD = 5 * 1018 cm-3 and nA

= 2 * 1019 cm-3 are compared with reference diodes with the same doping densities, but 
without ErAs recombination layer.  We see, that using this trick, the required high current 
densities are, in fact, accessible at the required excitation level.

In order to support our simple estimates from Section 4 we show in Fig. 4 the results of 
Monte Carlo calculations for the transient high-field transport in bulk material.  From this 
figure it can be seen, that our estimates regarding the average ballistic velocity vbal, the 
transport time and distance, tr and lz, respectively are quite realistic.  In particular, we see 
that the position of the electrons after a given time of flight does not depend too critically 
on the actual field.
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Figure 3. current density vs. voltage curves of highly doped pn-junctions without (dashed) and with ErAs recombi-

nation layer. Recombination diode (with ErAs-layer): black lines = measured, grey lines = corrected for contact

layer series resistance; reference diode (without ErAs-layer): dashed line.

The distance reached after 0.5 ps, e.g., is nearly the same, if the field changes between 10 
and 20 kV/cm.   Recent fs- studies of the transient transport in similar nanostructures
have quantitatively confirmed our Monte Carlo simulations [20–21]. 
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Figure 4: Monte Carlo results velocity and position vs time. 

We conclude that the main drawbacks of conventional LT-GaAs based photomixers as 
THz-sources result from the low photoconductive gain.  Our approach based on ballistic
transport in a n-i-pn-i-p superlattice, in contrast, yields optimized THz-currents and THz-
voltages.  Impedance matching to the antenna can be achieved by suitable choice of the 
number of periods N of the superlattice. Moreover, this approach overcomes the usual 
problem of the frequency limitation due to the carrier lifetime in LT-GaAs.  Therefore,
particularly interesting results are expected at frequencies up to about 3 THz.

Quantum Cascade Lasers 

Quantum cascade lasers are unipolar lasers that exploit the radiative transitions between
two subbands of a multi quantum well system [22] or two minibands of a superlattice 
[23].  The basic cell is composed of an injector and an active region. The injector, usually 
doped, provides electrons to the upper level of the active region.  Under sufficiently high 
electric fields, a population inversion builds up between such upper level and the lower 
one, which in turn depletes itself via non-radiative transitions with the level(s) of the ac-
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tive region sitting at even lower energy.  The basic cell is repeated for 30 to 40 periods in 
order to enhance the output power. 
Quantum cascade lasers have been built on the InGaAs/InAlAs systems (lattice matched
to InP) and GaAs/AlGaAs one (lattice matched to GaAs) [24–27].  They are usually n-
type and operate in the range 5-20 µm, with output power of the order of few mW, under
CW conditions (at least of to 200 K) or under pulsed condition up toroom temperature
and higher.  Weak electro luminescence in the THz regime (above 5 THz) has been re-
ported in [28–30].  Recently, two Monte Carlo simulations have indicated that it is possi-
ble to achieve population inversion and lasing action in this regime.  One of the analyses 
[31] was based on a conventional QCL with a 2-well active region.
Population inversion is achieved up to 77 K with an electric field of about 35 kV/cm.
The second con-sidered a SL GaAs/AlGaAs QCL [32], with well width of 22 nm.  An
experimental verification of the THz QCLs was announced [33] recently.  The laser 
works at 4.4 THz with an output power of 2 mW up to a temperature of 45 K. 
More recently progress in the filed has been rapid with experimental results achieved at 
3.4 and 2.3 THz [34,35].

Stressed p-Ge Lasers 

A candidate for tunable THz generation would have been the cryogenic p-Ge “hot hole” 
laser that emits broadband THz radiation resulting from transitions between the light- and
heavy hole bands [39].  However, the large excitation power needed to obtain “streaming
motion” of holes under crossed magnetic and electric fields prevents CW operation.
More recently, it has been observed that for p-Ge under large uni-axial external pressure,
laser action occurs at moderate excitation powers, without the need of a magnetic field 
[36].  The proposed population inversion mechanism is illustrated in fig.a [40, 37].  Un-
der uni-axial pressure the light- and heavy hole sub-bands split up and,  for P > 2.5 kbar // 
[100] and P > 4 kbar // [111], the acceptor ground state connected with the heavy hole 
band enters the continuum of the light hole sub-band and becomes a so-called resonant 
state.  Under impact ionisation conditions, the scattering of the holes at this resonant state 
results in a trapping of the holes near this state, leading to a maximum of the non-
equilibrium hole distribution function near this energy [42]. 

Fig.5. Energy level scheme showing the heavy

hole 1s   resonant state in the light hole con-

Fig. 6. Pressure dependence of the frequency of

 the main emission peak in stressed p-Ge [40]
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tinuum  + possible laser transitions [40] 

Lasing action occurs between this resonant state and the bound ground- and excited states 
of the acceptor connected to the light hole sub-band, as shown in fig. 5.[40]. 
Frequency tuning between from 2.5–10 THz is possible by changing the pressure (fig. 6).  
The low excitation voltage needed to reach laser action proves that in this case, contrary 
to the p-Ge hot hole laser, no streaming motion of the holes is necessary to create a popu-
lation inversion.  Due to heating, for bias voltages above 10V/cm only pulsed operation is 
possible at a  mW power level.  For lower voltages CW operation at the microwatt level  
has been observed at 2.5 THz  with a lasing threshold excitation power of only 10 mW 
[38, 41]. 

Conclusions and Further Work 

The novel photomixing scheme presented in this paper is believed to be the only way 
forward in improving THz performance of photomixers, as a result of this study.  In order 
to introduce the advantages of this scheme a detailed, and lengthy, explanation of pho-
tomixer physics and state-of-the-art performance was hardly avoidable.  The other two 
technologies presented, THz QCLs and p-Ge lasers, are thought to be equally promising 
and their development is ongoing without this study.  Presently, the second phase of this 
ESA study has begun for some time and has focused on the realisation of the superlattice 
photodiode as well as the duplication of the THz QCL and p-Ge results reported in the 
literature.  Emphasis is also put on QCL modelling in order to better understand the ulti-
mate theoretical limitations, in terms of lower frequency and operating temperatures. 
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Abstract
We have developed a waveguide-mounted photomixer in the 75-115 GHz band with a uni-
traveling-carrier photodiode which is optically-pumped by two 1.55-µm lasers. We have
successfully demonstrated to produce an output power of ∼2 mW at 100 GHz with an in-
put laser power of ∼100 mW. An SIS (Superconductor-Insulator-Superconductor) mixer
has been pumped by the photomixer as a local oscillator (LO). We have made similar ex-
periment using a Gunn-diode LO source and carefully compared the receiver noise temper-
ature of the SIS mixer with those pumped by the photomixer. It is found that the receiver
noise temperatures of the SIS mixer pumped by the photomixer is a as low as those pumped
by the Gunn oscillator. The photomixer was employed as an LO in an SIS receiver used in
the 45-m telescope at Nobeyama Radio Observatory and we have successfully observed an
interstellar molecular spectral line with the receiver for the  rst time.

1. Introduction
It has been recently shown that photomixers using a uni-traveling-carrier photodiode (UTC-
PD) have a great potential for generation of millimeter-wave radiation [1]. Based on a
simple analysis, it is expected that a 3-dB falloff bandwidth of the UTC-PD determined by
carrier traveling time can be in a THz range [2]. The UTC-PD photomixer has emerged as
one of the promising candidates to generate the millimeter- and submillimeter-wave radia-
tion.

We have designed a new photomixer using the UTC-PD and successfully demonstrated
to generate output power of ∼1 mW at 100 GHz by the photomixer. Although the output
power of the photomixer is thought to be enough to pump SIS mixers as an LO of the
usual receivers in this frequency band, noise characteristics of the photomixer have not
been fully understood yet. At present, it is especially important to know the noise level
of the photomixer when it is used to pump a low-noise SIS mixer as an LO. We have
systematically measured noise temperature of an SIS mixer pumped by the photomixer as
well as a Gunn diode as an LO. The measured noise temperature of those two cases are
carefully compared to estimate the noise level of the photomixer in reference to that of
Gunn diode.

1Present af liation: NTT Electronics Corporation
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In this paper, performance of the photomixer using the UTC-PD in the W band is brie y
described. Then an experimental setup and results of measurement on noise temperature
of SIS mixers using the photomixer as well as the Gunn diode as an LO are presented.
Finally, we present preliminary results of radio astronomical observation of an interstellar
molecular spectral line of a carbon mono-sul de (CS) at 97.98 GHz with an SIS receiver
in which the photomixer is used as an LO.

2. Photomixer Performance
We have made a waveguide photomixer in the W-band using the UTC-PD. Detailed design
of the UTC-PD and photomixer is described in Ref.[3]. Schematic diagram of the pho-
tomixer oscillator at the W band is shown in Fig. 1. Millimeter-wave output power from
the photomixer measured by a Schottky-diode detector is plotted as a function of photocur-
rent of the UTC-PD in Fig. 2. It is noted here that the photocurrent of the UTC-PD induced
by lasers is approximately proportional to the amount of laser power coupled to the diode
in the previous experiment at lower frequency [4]. It is clear that the output power in-
creases approximately in proportion to the photocurrent (or the input laser power) at lower
photocurrent. The output power reaches ∼2 mW at the photocurrent of 20 mA where laser
power of ∼100 mW each is applied to the photomixer [5, 6]. It is noted that as far as we
know, the power achieved in this experiment is one or two orders of magnitude higher than
those generated by photomixers in this frequency band [7].

A typical spectrum of photomixer output near 100 GHz is shown in Fig. 3. Frequency
width of the output spectrum of the photomixer is less than 10 MHz, which is mainly
governed by  uctuation of frequencies of the lasers, since freely-running lasers are used
in the experiment. It should be noted that no serious spurious peaks are not found in
this frequency range. Frequency dependence of output power of the photomixer is plotted
in Fig. 4. It is found that relative variation of the photomixer output power is less than
3 dB over the entire range of W-band (75 – 115 GHz) without any mechanical tuning
mechanisms usually used in Gunn-diode oscillators.

3. Photomixer LO for SIS Mixers
The photomixer was used as an LO source for SIS mixers in the 100 GHz band. The
photomixer output as an LO and an RF signal are combined by a cross-guide coupler with
a coupling ef cienc y of < -20 dB placed on a 4-K stage in a dewar and then coupled into
the SIS mixer. It is noted here that this LO coupling scheme is popularly used in low-noise
receivers at millimeter wavelengths. Schematic diagram of a low-noise receiver employing
SIS mixer associated with an LO source of the photomixer is shown in Fig. 5.

In order to compare noise of the photomixer with that of Gunn-diode oscillator, we
have carried out similar experiment using a Gunn-diode LO source. Then, we carefully
compared receiver noise temperature of the SIS mixer pumped by the photomixer with
those pumped by the Gunn-diode oscillator. Pumped and unpumped I-V curves of an SIS
mixer by the Gunn-diode oscillator and photomixer at 100 GHz are shown in Fig. 6(a) and
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(b), respectively. Total IF power response to hot (295 K) and cold (80 K) loads are also
shown in those  gures. We have found that the photomixer is able to provide suf cient
LO power required to pump the SIS mixer in the frequency band from 85 GHz, which ap-
proximately corresponds to a cut-off frequency of the waveguide in the cross-guide coupler
and mixer block, to 120 GHz. The frequency dependence of the measured receiver noise
temperature for the Gunn-diode LO as well as the photomixer LO are shown in Fig. 7. No
signi cant difference between the noise temperatures of the SIS mixer pumped with the
Gunn diode and phtomixer was found in this experiment.

The estimated noise in the photomixer output from the measured receiver noise tem-
perature is as high as ∼10 K/µW, which is much smaller than that expected by Shillue
including relative intensity noise (RIN) of lasers [8], if the noise in the Gunn diode output
of 1 K/µW is assumed. It is demonstrated by this experiment that the noise in the pho-
tomixer is suf ciently low and that the photomixer is quite adequate for supplying the LO
to SIS mixers in the 100 GHz band.

Radioastronomical Observation Using Photomixer LO
As a next step, the photomixer was applied to an LO source of an SIS receiver used in
the 45-m telescope at Nobeyama Radio Observatory and we carried out actual radioastro-
nomical observations using the SIS receiver with the photomixer LO [9]. The laser system
employed here generates an optical comb, which enables stable and precise production of
the beat signal from the photomixer [10]. A block diagram of the laser system is shown in
the left side of Fig. 8. The output of a laser at about 1.55 µm is amplitude-modulated by
a radio frequency (RF) and consequently the optical comb is generated. Two appropriate
emission lines of this comb are selected with tunable optical  lters and ampli ed, and then
transmitted to the photomixer with an optical  ber .

We have used two nearly identical SIS receivers simultaneously. One (called S80) is
pumped by a conventional Gunn-diode LO system, while the other (called S100) is pumped
by the photomixer LO as schematically shown in Fig. 8. The radio signal was divided into
two by a polarization grid placed in front of the receivers and they are coupled to the
respective SIS receivers. In order to make a direct comparison, data were simultaneously
obtained by the two SIS receivers. The intermediate frequency (IF) of 1.375 GHz was used
in those two receivers. As the performance of the SIS receiver strongly depends on the LO
power applied to the SIS mixer, output of power of the photomixer was carefully optimized
by adjusting gain of optical ampli er and by adjusting an RF attenuator. Acousto-optic
spectrometer (AOS), with a bandwidth of 40 MHz and frequency resolution of 37 kHz,
were used as radio spectrometer.

The observed spectral line was the J = 2 − 1 rotational transition of a CS at 97.98
GHz, which is one of strong observable lines near 100 GHz in many kinds of astronom-
ical sources. The observed source was W51, which is a famous high-mass star-forming
region in our galaxy. The CS J = 2−1 spectra simultaneously observed with the receiver
pumped by the photomixer LO and with that pumped by the conventional Gunn-diode LO
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are shown at the top and middle in Fig. 9, respectively. The integration time on source
was 260 seconds. At the bottom in Fig. 9, a difference between those two spectra is shown
for comparison. It is clear that both spectra are approximately identical. This result indi-
cates that useful spectral data for radioastronomical research can be obtained by using the
photomixer LO.

We carried out a small mapping observation toward the central region of W51 using the
receiver with photomixer LO for further demonstration. The CS J = 2−1 line was mapped
at 9 positions with a 3×3 grid as shown in Fig. 10. The integration time of each spectrum
on source was 140 –160 seconds. The variation of the CS intensity is clearly found , which
is in consistent with the result reported previously using receivers with the conventional
Gunn-diode LO.

Summary
We have exploited a photomixer for generation of millimeter wave at W band using a UTC-
PD and successfully demonstrated to generate millimeter-wave radiation with a power as
high as 2 mW in the 100 GHz band. As far as we know, this is the highest output power
ever generated by any kind of photomixers in this frequency band. An SIS mixer was
pumped by the photomixer as an LO and we found that the photomixer can provide a suf-
 cient power to drive the SIS mixer. It is found that the noise added to the SIS mixer by
the photomixer is as low as that by a Gunn oscillator.The photomixer was employed as an
LO in an SIS receiver used in a telescope and we have successfully observed an interstellar
molecular spectral line with the receiver for the  rst time.
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Fig. 1 Schematic diagram of a photomixer.

14th International Symposium on Space Terahertz Technology

348



4 6 8 10 200.2

0.4

0.6

0.8

1.0

2.0

Photocurrent (mA)

O
ut

pu
t P

ow
er

 (m
W

)

f = 100 GHz

P  ~ 100 mWL

Fig. 2 Output power of the photomixer as a
function of photocurrent.

Fig. 3 Typical spectrum of photomixer output.
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Fig. 8 Block diagram of the laser system, the photomixer and the SIS receivers used for radio-
astronomical test observations.

Fig. 9 CS (J = 2−1) spectra obtained with the Gunn-diode LO (top) and the photomixer LO
(middle). A difference between both spectra (bottom) is also shown.
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Fig. 10 Spatial map of CS (J = 2−1) spectrum.
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Abstract: In Phase II of the study "Far-Infrared Optics Design & 
Verification", commissioned by the European Space Agency (ESA), we 
investigate the ability of several commercial software packages (GRASP, 
CODEV, GLAD and ASAP) to predict the performance of a representative 
example of a submillimeter-wave optical system. In this paper, we use the 
software packages to predict the behaviour of a Mixer Sub-Assembly (MSA) of 
HIFI, and we compare the simulations with near-field measurements at 480 GHz. 
In order to be able to distinguish between the predictions of the packages, we 
move the corrugated horn of the MSA through its nominal focus position. A 
unique feature of the experimental arrangement is that the measured position of 
every field point is known absolutely to within fractions of a wavelength. In this 
paper we present the results of this through-focus experiment, which give a good 
first-order indication of the agreement between measured and simulated 
behaviour of a typical submillimeter-wave optical system. 

Keywords: ESA-TRP, far-infrared, submillimeter, optics, verification, HIFI 

1. INTRODUCTION 

The accurate modelling of optical systems in the far-infrared and submillimeter-
wave bands is complicated because of the long wavelength character and in many 
applications necessity for a compact optical layout. The associated diffraction 
effects inevatibly become important and can no longer be ignored. The unique 
nature of optical systems in this wavelength band and the lack of dedicated 
simulation software has lead to the non-ideal use of software packages designed
and intended for other wavelengths and based on a variety of underlying physical 
principles. The adapted use of these software tools for the far-infrared is not 
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reported comprehensively in literature and much uncertainty surrounds the 
accuracy of these optical simulations. 

In order to verify the ability of these commercial packages (GRASP, CODEV, 
GLAD and ASAP) to predict the performance of submillimeter-wave optical 
systems, the European Space Agency (ESA) has commissioned the study “Far-
Infrared Optics Design & Verification”. In Phase I of the study we carefully 
selected test cases to reveal strengths and weaknesses of the packages in typical 
submillimeter-wave applications on the basis of the underlying physical principles 
[1, 2]. In the end of Phase I we carried out first-order simulations of a typical real 
system case represented by a Mixer Sub-Assembly for HIFI [3, 4]. We observed 
that the simulated differences in a focussed system were too small to be observed 
experimentally. In order to distinguish between the packages we therefore 
proposed a through-focus test revealing differences at a relatively high intensity 
level relaxing the need for high dynamic range. In Phase II we constructed a near-
field facility capable of measuring both amplitude and phase at 480 GHz. The 
main objective of this work is to address the question to what extent measured and 
simulated performance of a typical example of a submillimeter-wave system may 
be expected to agree. 

2. SUMMARY OF SIMULATION PACKAGE CAPABILITIES 

We have compared the beam predictions of the four different software packages 
summarized below: GRASP8, ASAP (v7.1), GLAD (v4.5) and CODE V (v9.0 

and v9.2). The strengths and weaknesses of each package were reported in detail 
during Phase I of the project [1, 2] 

GRASP is a general antenna analysis program package marketed by TICRA. Its 
theoretical analysis is based on Physical Optics (PO) and the Geometrical Theory 
of Diffraction (GTD). Physical Optics is based on calculating the induced currents 
on the reflector surfaces without taking the edge effects into account. This clearly 
degrades the accuracy of the method predictions at wide angles. In GRASP8 the 
PO method is supplemented with GTD in order to improve the accuracy of the 
equivalent current calculation near the edges. GTD approximates the non-uniform 
current at the reflector edge to the induced current at the edge of a canonical 
scatterer that conforms to the shape of the reflector in the locality of the edge 
points. Multiple reflector systems are analyzed in GRASP by calculating the 
induced current on one reflector and using it as a source illuminating the next 
reflector. Although not investigated here, cross-polar predictions are also 
available from GRASP. The model system could be set up in GRASP exactly as it 
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is described in section 3. Throughout Phase I and II of this project we have taken 
GRASP to be our benchmark software. 

ASAP is a package for the analysis of visible / near-IR optical systems. It was 
originally designed for the analysis of stray light, but was extended for the 
analysis of diffraction. It is essentially a non-sequential ray tracing package but 
has an additional diffraction analysis capability. For this it uses a technique called 
Gaussian beam decomposition. Rays representing a set of Gabor-Gaussian modes 
are traced through the optical system. These modes can be recombined at any 
point in the system to calculate the field. ASAP has three forms of decomposition 
algorithm. In the first, a straightforward spatial sampling is performed. The 
Gaussian beams have equal sizes, but are spaced out across a grid. In the second 
algorithm, an angular decomposition is performed. Each Gaussian beam is equal 
in size but has a different propagation direction, so that the beams are equally 
spaced in angle in the far field. The third method is a combined spatial / angular 
decomposition. This last method has only recently been added. The description of 
the MSA optical system within ASAP was straightforward and very precise. 

GLAD was developed to model laser and optical systems where diffraction is 
expected to play an important role. A beam is represented by its complex 
amplitude distribution, which need not be a simple function. The primary 
propagation algorithms in GLAD are based on a plane-wave decomposition with 
no special symmetry assumed. Light is treated as being strictly monochromatic 
and therefore perfectly polarized. Optical systems are modelled to the accuracy of 
small-angle, scalar Fresnel diffraction theory. Conic mirrors can be modelled 
using exact ray-tracing to compute aberrations. This facility is to be extended to 
lenses, apertures and obscurations in future versions of GLAD. (In fact tilted 
apertures have been introduced into the version of GLAD released towards the 
end of this project. This version has not been used in any of the work presented 
here.) The mirrors of the model system are set up in GLAD by considering them 
as sections of larger paraboloids and ellipsoids. Edges cannot be defined for the 
mirrors themselves, and are therefore approximated by placing apertures in front. 
This was the only approximation that was made when setting up the system as 
drawn in Fig. 1. of the next section. 

CODE V is an optical analysis and design package for visible / near-IR optical 
systems. Like ASAP it is primarily a geometrical ray-tracing package, but offers 
in addition some diffraction analysis capability. CODE V uses a plane wave 
expansion of fields in its diffraction calculations and allows mirrors and apertures 
to be de-centered and tilted. In this case, the MSA mirror edges were modelled as 
tilted elliptical apertures. The field mirror, MAM2 (Fig. 1.) was modelled as a 
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toroid. The greater control of sampling in the latest version of CODE V (v9.2) 
allowed a technique to be developed to overcome the problems reported 
throughout the first stages of the project [1]. 

A more detailed account of setting up the model system in each of the packages is 
included as Appendix B in the final report of Phase II [5].  

3. MODEL SYSTEM DESCRIPTION 

In Phase II of the project one of the Mixer Sub-Assemblies of HIFI represents a 
typical submillimeter-wave optical system. The optics of the selected MSA are 
designed to operate in the 480-640 GHz frequency range (HIFI band 1). In this 
paper however, we only consider the lower frequency end of the band, i.e. we 
only present results in the long-wavelength limit at 480 GHz where diffraction 
effects are most pronounced. 

In Fig. 1. a simplified layout of the optics is shown. The reduced MSA (as shown 
in Fig. 2.) compromises a conical corrugated horn and three off-axis mirrors. 
Because of this off-axis geometry we refer to the plane of drawing as the 
asymmetric plane. When the horn is in its nominal focus position the three mirrors 
form an image of the horn aperture in the output plane, which is located at 66.25 
mm from the parabolic mirror MAM1. At actual wavelengths a frequency 
independent beam waist is located in this plane with a waist radius of 3.55 mm. 
The corrugated horn has a slant length of 15.4 mm and an aperture radius of 2.5 
mm. The polarisation direction of the corrugated horn is perpendicular to the 
plane of drawing. We only consider this component of the electric field in the 
output plane. 

Also indicated in Fig. 1. is a set of through-focus positions for the corrugated 
horn. Apart from the nominal focus position (solid line), the horn can be moved 
towards the elliptical mirror MAM3 by 5 mm, and away in two steps of 5 mm. 
Through-focus measurements were simulated for each of these four 
configurations. As mentioned in the introduction the through-focus test offers a 
means to systematically study the differences between simulations and 
experiment by introducing different levels of aberration. The advantage of this 
model system is that differences which would normally be present at relatively 
low intensity levels in the far-field, will now show up as main beam distortions in 
the near-field. We therefore expect that this experimental arrangement will 
illustrate the differences between the package predictions. 
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Fig. 1. Layout of model system       Fig. 2. HIFI Mixer Sub-Assembly. 

4. SOFTWARE PACKAGES SIMULATIONS 

Initial simulations were done by assuming a Gaussian distribution at the aperture 
plane of the horn. This aperture field distribution was propagated through the 
optics to the output plane. These first-order simulations proved to be a useful 
starting point to define the criteria to be met by the measurement system. Given 
the differences in the through-focus simulations we found that an experimental 
system that could detect differences of 3-4 dB at the level of -20 dB would be 
sufficient to distinguish between the aberrations predicted by the packages. We 
furthermore found that ASAP had serious difficulties in modelling this compact 
system with a horn aperture of only eight wavelengths in diameter. We decided to 
exclude ASAP from the final comparison since we found that its predictions were 
not sufficiently close to expected behaviour. The intrinsic problem in our 
particular case appeared to be the decomposition of the source field for which we 
could not find an independent and consistent procedure for all through-focus 
positions simultaneously. 

We subsequently improved the horn field approximation by assuming an ideal 
hybrid feed that can be described by a truncated Bessel function with a spherical 
phase error [6]. Although it is common practise in submillimeter design to 
substitute the real source field of a corrugated horn by a fundamental mode 
Gaussian beam, we found that differences might not be negligible. We found that 
using a Gaussian beam to approximate the horn field did not predict either the 
sidelobe level or the amount of main-beam distortion. An example that illustrates 
this point is shown in Fig. 3. which shows the GRASP prediction (dotted) 
assuming a Gaussian approximation in comparison to the GRASP and GLAD 
predictions (solid) assuming an ideal hybrid feed for -5 mm defocus (away from 

horn
MAM3

MAM2

MAM1
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the first mirror). It is clear that the Gaussian approximation fails to predict the 
main beam distortion leading to significant errors already at the -10 dB level. The 
differences in phase predictions were also significant and measurable given the 
demonstrated measurement performance at this stage. The narrowest spatial 
features in the predictions could be resolved by the measurement system and 
based on this set of simulation results we were able to define the final test criteria. 

Finally the field from the actual corrugated horn was calculated using the mode-
matching technique and this was taken as the input to the model system. For these 
last simulations the new CODE V version was available and its results were a 
significant improvement on those reported earlier [1]. In order to compare the 
differences between an ideal and real horn field, we used GRASP to predict the 
output beam when the horn is moved 10 mm away from the first mirror. The 
result is shown in Fig. 4. It can clearly be seen that the two patterns are 
indistinguishable. The remarkable similarity between the two patterns results from 
a good horn design in which the ideal and real field distributions are almost 
identical in the upper 30 dB, and due to the finite throughput of the optical system 
(spatial filtering). 

The final set of simulation results is partly shown in section 6 together with the 
experimental results. The full set of simulation and measurement results can be 
found in the final report of Phase II of this project [5]. 

Fig 3. Asymmetric cut for an ideal and real       Fig. 4. GRASP simulation com- 
horn field for a -5 mm defocus.        paring ideal and real horn fields. 

5. EXPERIMENTAL SETUP AND RESULTS 

A substantial task in Phase II of the project was the development of a near-field 
facility capable of measuring both amplitude and phase at 480 GHz. In this paper 
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we only briefly summarize some characteristics of the facility which is fully 
described in the final report [5]. 

The schematic diagram of the detection system is shown in Fig. 5 and is quite 
similar to other systems reported in literature [7, 8, 9]. In the upper-left corner of 
the diagram the Phase-Lock Loop (PLL) is shown. An InP Gunn oscillator is 
phase-locked at 80 GHz. A second directional coupler and waveguide harmonic 
mixer provide an independent reference signal. Because this signal is taken before 
multiplication to 480 GHz, the Intermediate Frequency (IF) of the waveguide 
harmonic mixer is multiplied by a factor of six, i.e. N = 6 in the diagram. The 
actual detector in the MSA is a subharmonically pumped Schottky mixer pumped 
by the same Local Oscillator (LO) as the reference mixer. We use a compensating 
pair of mixers to remove any correlated phase variations present in both the 
reference and detected signal. This allows a very narrow-band detection 
increasing system sensitivity. We finally use a Vector Network Analyzer (VNA) 
in the S21 mode to detect the relative field coupling between the test source and 
the detector. A signal-to-noise calculation shows that the dynamic range can be as 
high as 60 dB when detecting in a 100 Hz IF bandwidth and integrating in 10 ms. 
More details on performance can be found in [10]. 

Fig. 5. Detection system diagram  Fig. 6. Near-field horn measurements  

In addition to the detection system several other system components were 
designed. We designed and modelled a modified version of the HIFI corrugated 
horn to shift the centre frequency to 480 GHz. In order to resolve the spatial 
structures present in the simulated beam patterns a flared-waveguide probe was 
designed that could resolve spatial frequencies of ½ mm-1. Special mechanical 
flanges for the horn and probe were designed to fix the horn axis and aperture 
position with tight mechanical tolerances. 
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A three-dimensional scanner system was used to scan the test source with probe 
in the output plane of the MSA. A special support frame for the source and MSA 
was designed that also contained alignment devices. In the frame of the source we 
mounted two alignment windows with well-established relations to the probe 
coordinate system. We placed two alignment mirrors on the MSA support frame. 
Using an optical theodolite we were able to accurately align the scanner system 
with respect to the MSA. We achieved a lateral alignment accuracy of 25 - 50 m, 
an axial accuracy of 0.1 - 0.2 mm, a tilt accuracy of a few arcmin and a 
polarisation alignment of 0.5 deg. A unique feature of the facility is therefore that 
the absolute coordinates of the measured fields points are known within fractions 
of a wavelength. 

A detailed performance characterisation and error analysis was performed in 
which we identified and quantified the sources of error [5, 10]. We furthermore 
developed first-order error correction methods to reduce errors due to multiple 
reflections and long-term drift [5, 10]. To verify the performance, near-field 
measurements of the corrugated horn were taken at distances of 15, 20, 25 and 30 
mm respectively at 480 GHz. The results and simulations are shown in Fig. 6. 
Both the level of agreement and the observed sensitivity clearly illustrate that we 
realised an accurate near-field system with known, and well understood, errors. 

We finally mounted the corrugated horn and harmonic mixer in the MSA (Fig. 2.) 
and took co-polar measurements at 480 GHz in the output plane in both the 
asymmetric as well as the symmetric direction for each of the through-focus 
positions. The individual amplitude and phase plots can be found in chapter 5 of 
the final report [5] and some of the results will be presented in the next section of 
this paper. 

6. COMPARISON SIMULATIONS AND EXPERIMENTAL RESULTS 

Before we start comparing the simulations and experimental results, we would 
like to note that the comparison of one particular field component, and in 
particular its phase, is not straightforward at all. Apart from GRASP, the packages 
produce a scalar quantity that represents the field, i.e. the vector-nature of the 
field is completely ignored. A comparison is therefore only reasonable in the limit 
that the cross-polar component is very small. Using GRASP we found that the 
cross-polar level is indeed sufficiently low. The comparison between GRASP and 
experiment is however sound, since the detection system is sensitive to only one 
field component (polarised probe). 
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In general we observed good agreement in amplitude between the predictions and 
experiment in the main beam. In particular, GRASP and CODE V agreed 
exceptionally well (see Fig. 7.). Below the -40 dB level there were only small 
differences which could be easily attributed to sampling and systematic errors of 
the facility. It is not clear whether experiment or simulations get wrong at this 
level. More experimental and simulation work is therefore required to draw firm 
conclusions below the -40 dB level. In several cases GLAD failed to agree with 
experimental results. In particular in the asymmetric cases where the horn was 
moved 5 mm towards respectively 10 mm away from the mirror, GLAD failed to 
predict the sidelobe structure and distortion (see Fig. 8.). Considering that GLAD 
integrates over a projected aperture rather than over the physical mirror aperture, 
we indeed expect the sidelobe level for the asymmetric patterns to be inaccurate. 

Fig. 7. Measured and simulated amplitude Fig. 8. Asymmetric cut at +5 mm de- 
at nominal focus (symmetric cut).  focus (towards mirror MAM3). 

Regarding the phase simulations and measurement we found that phase 
information indeed provided additional useful information in assessing the 
performance of the packages. It is remarkable that GLAD, which predicted 
amplitude relatively well in many test cases, failed completely to predict phases 
correctly. In Fig. 9. for example the phase predicted by GLAD is in complete 
disagreement even in the symmetric plane. In the asymmetric cuts we observed 
substantial differences with experiment especially for positive off-axis distances 
(Fig. 10.). This again might be due to integrating over a projected aperture rather 
than the physical one. CODE V showed in general good agreement with the 
experimental results. The agreement is however best in the main beam region and 
starts to deviate at lower intensity levels. The GRASP simulations showed best 
agreement with the measured curves and predicted the observed phase structure 
most accurately. An example of an asymmetric pattern is given in Fig. 10. 
Although the differences might appear significant one should realize that the 
absolute deviations in phase between GRASP, CODE V and experiment are all 
below  / 20 at 480 GHz once again illustrating the accuracy of our work. 
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6. SUMMARY AND CONCLUSIONS 

asdf

7. ACKNOWLEDGEMENTS

Fig. 9. Phase distributions (symmetric cut) Fig. 10. Phase distributions at nomi- 
for +5 mm defocus (towards mirror).  nal focus position (asymmetric cut). 

7. SUMMARY AND CONCLUSIONS 

In Phase II of the study "Far-Infrared Optics Design & Verification" we 
investigated the ability of several commercial software packages (GRASP, 
CODEV and GLAD) to predict the performance of a representative example of a 
submillimeter-wave optical system. We did not attempt to compare the different 
packages in a competitive way. We were only interested in assessing the ability of 
each package to carry out a predetermined task. In this part of the study a 
modified version of one of the Mixer Sub-Assemblies for HIFI was taken as a 
model system. The optical layout is believed to be typical of a high performance 
submillimeter-wave system. The key question we beared in mind is to what extent 
simulated and measured performance may be expected to agree. To address this 
question we selected a strategy of through-focus near-field phase and amplitude 
measurements revealing the differences between the packages. In this through-
focus test the differences were shifted from the far-out sidelobes into the main 
beam relaxing dynamic range requirements for the measurement system. We 
developed a near-field facility and demonstrated a dynamic range of at least 50 
dB. A unique feature of the experimental system is that geometry is controlled 
within fractions of a wavelength. Therefore the theoretically derived and 
experimentally measured field patterns were determined by reference to one 
single absolute position and overlaid without any adjustment. We finally 
constructed a full error model of the measurement system and experimentally 
verified the system on a corrugated horn. Both the level of agreement and the 
observed sensitivity clearly illustrated that we realised an accurate near-field 
system with known, and well understood, errors. 

-3

-2

-1

0

1

2

3

-5 -3 -1 1 3 5

off-axis distance (mm)

p
h
a
s
e
 (

ra
d
ia

n
s

)

GLAD

CODE V

GRASP

Experiment
-3

-2

-1

0

1

2

3

-10 -5 0 5 10

off-axis distance (mm)

p
h
a
s
e
 (

ra
d
ia

n
s
)

GLAD

CODE V

GRASP

Experiment

14th International Symposium on Space Terahertz Technology

380



After initial investigations we excluded the simulation results of ASAP as we 
found that its predictions were not sufficiently close to expected behaviour in this 
particular case. In contrary to what we found in early stages, CODE V now 
showed good performance whereas we initially had severe problems in getting 
meaningful results. Based on the out-of-focus measurements we conclude that 
GLAD is only accurate above the -20 dB level. Phase measurements furthermore 
revealed that GLAD can make substantial errors when simulating phase. The 
principle limitation seems to originate from the definition of the rim of mirrors 
which are represented as projected apertures perpendicular to the chief ray. This 
limitation has been addressed however in the version that has become available 
since. Both GRASP and CODE V simulation results agree very well with 
experiment down to -40 dB. GRASP was even capable of tracing the sidelobe 
structure down to -45 dB. Below this level it is not clear whether simulations or 
measurements become inaccurate. Finally we observed that the phase 
distributions predicted by GRASP and CODE V are generally in agreement with 
measurement. In particular the agreement between GRASP and experiment was 
excellent with the exception of one single case. In general the overall agreement 
between simulation and experimental results is best for GRASP. The advantages 
of its full electromagnetic approach are evident. For design purposes however the 
awkwardness of setting up models might limit the flexibility to explore different 
layouts. We therefore feel that an excellent approach would be to combine 
GRASP with a first-order pre-processing and design package before verifying an 
optical system using rigorous electromagnetic calculations. 
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 A hot-spot model for membrane-based HEB mixer 
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     ABSTRACT

Membrane-based hot electron bolometric mixers (HEB) are of specific interest for applications above 2.7 THz. 
There the absence of a dielectric close to the antenna reduces losses and enlarges the antenna structure. This 
allows the usage of large volume devices at higher RF frequencies. All these effects are beneficial to reduce the 
mixer noise temperature. A reduction in IF bandwidth due to the reduced cooling is by far outweighed by these 
effects. Here a device model for membrane-based HEB mixers is presented that takes the interaction between 
electrons and phonons of the film and membrane phonons as well as the phonon diffusion along the membrane 
into account. The model is based on a numerical solution of two nonlinear coupled heat balance equations on the 
superconducting strip: One relation is set up for the electron temperature and another for the phonon temperature 
resulting in  I-V curves. The mixer conversion gain and the receiver noise temperature are obtained by applying 
a small signal model. The model allows comparing the performance of thick substrate-based HEB and 
membrane-based HEB: membrane-based HEB exhibit a conversion gain lower than in substrate-based HEB for a 
given LO power. However the maximum conversion gain (obtained when the hot spot is as short as possible to 
ensure a stable operating point) is comparable. It is clearly shown that, for the same conversion gain the LO 
power is expected to be reduced by a factor of 20% in the membrane-based case. Moreover, using the 
membrane-based HEB in a quasi-optical receiver together with a matched back-short offers the possibility to 
improve the LO and RF coupling efficiency. 

INTRODUCTION

The submillimeter band, which may be defined as the wavelength region between 1 mm and 100 µm is of great 
importance to astronomy, atmospheric study, and more generally molecular spectroscopy. Hot bolometric mixers 
(HEB) have been accepted as the best devices for those receivers [1-3], when one seeks to detect molecular lines 
at wavelengths smaller than 300 µm, and when cryogeny is available. Describing and modeling the physics and 
the behavior of this device is critical to optimize the HEB performances. In contrast with earlier models [4], the 
“hot-spot model” [5] has been accepted within the last few years as the most accurate and powerful one. In this 
model, the mixing in a HEB is described by a time-varying normal conducting hot spot governed by a system of 
one-dimensional heat transport equation. For phonon-cooled bolometers, a coupled heat balance for electrons 
and phonons must be considered. Two major model assumptions have to be made for the large signal model: 
Assuming the phonon diffusion to be negligible compared to phonon escape to the substrate, leading to the 
localized cooling assumption, the phonon heat balance relation is reduced to an analytic equation allowing 
eliminating the phonon temperature from the electron heat balance.  So far, all models simulated the behavior of 
the phonon-cooled bolometer based on a cold substrate. If we investigate the case where the substrate would be 
shortened from 250 micron (typical of Si wafer) to 1 micron (typical of the membrane we use [7]), the heat 
removal capability of the substrate will then be considerably attenuated. On top of that, as the membrane is very 
thin, it will be taken into account the phonon diffusion. In the usual substrate-based hot spot model, the equations 
are set up without the phonon diffusion effect. This paper present the comparison of the behavior of a bolometer, 
mounted on a thick substrate and on a thin membrane. The differences are due to the phonon-diffusion effect in 
the membrane, along the strip. Moreover, at the transition between the superconductor and the normal resistive 
metal (hot-spot), the andreev reflexion occurs. This will be expressed in the equation, by adding a factor in the 
electron diffusion process. 
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ANDREEV REFLECTION 

At the border between the hot spot and the superconducting parts of the HEB bridge, electrons from the hot spot 
may only cross into the superconductor when there is a “partner” with suitable impulse to for a Cooper pair. This 
partner is provided by a formation of an electron-hole pair with appropriate impulse resulting in the transition of 
the initial electron plus the reflection of a hole. Only those electrons are allowed to pass into the superconductor 
that has an energy larger than the bandgap. This process is called Andreev reflection.  Most of the electrons in 
the normal conductor have an energy lower than the bandgap. Therefore Andreev reflection provides a good 
thermal insulation of the hot spot. Recent hot spot model takes into account the Andreev reflexion [6] 
The bandgap is assumed temperature independent. The andreev reflexion has to be recalculating with 
The normal-supraconductor interface and the temperature dependency bandgap shape is summarized in Figure 1: 

Figure 1: Schematic of a HEB bridge. The whole bridge is heated by RF, the bias heating acts only on the hot spot where 

superconductivity is suppressed. The electrons are cooled by phonon escape to the substrate and by outdiffusion to the pads. 

Outdiffusion is reduced by Andreev reflection at the hot spot boundary. We can consider the heat Andreev transmission 

coefficient as: 
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As the bandgap energy is temperature dependant, we then have to integrate equation (1) over the temperature, in 
order to find the Andreev reflexion: 
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It is numerically found an Andreev reflexion of 12 %. This Term will be taken into account for the electron 
diffusion in the film, in the equation (8), by a factor 0.12. 
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HOT-SPOT MODEL 

A hot electron bolometer is a submicronic, ultra-thin (2-3 nm) superconducting micro-bridge, in which the 
resistive state can be modulated by photon irradiation. The total radiation power, which causes resistance 
change, can be written as: 

)cos(2)( tPPPtP IFSLOLO

The resistivity depends on the electron temperature. In traditional resistive phonon-cooled bolometers, incident 
radiation is absorbed by electrons which strongly interact with the lattice atoms. The absorbed energy is 
therefore quickly transformed into lattice vibrations (phonons). Then, the whole bolometer medium (film and 
substrate) is being heated up. As illustrated in Fig. 2, there are basically two ways for the heat to be removed 
from electrons : electron diffusion into the normal-metal electrodes via the film layer (’’ diffusion-cooling ’’)[3], 
or scattering via phonons in the substrate layer (’’ phonon-cooling ’’) [1-2]. 

Figure 2: Hot Electron Bolometer is a radiation sensor. Energy absorbed is distributed in the electron subsystems. Heated 
electrons exchange energy via electron diffusion or via phonon scattering.

The energy removal mechanism can be described in an energy exchange system between electrons of the film, 
electrons and phonons in the film and between film and substrate phonons. In the substrate-based HEB mixer 
case, the substrate acts as a heat reservoir. Fig. 3 explains the energy transfer mechanism between the 
subsystems. The RF power heats up electrons in the film. Those electrons can diffuse in the film, and interact 
with phonons in the films. The phonons in the film can then interact with phonons of the substrate and remove 
heat. By describing the energy exchange between the 3 subsystems « electrons », « film phonons » and 
« substrate phonons», we can derive the heat-balance equation for a bolometer (7). 
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Figure 3: The power exchange subsystems. 

e and p are called electron and phonon thermal conductance and ep is called electron-phonon coupling 
efficiency.  

          (7)

Solving these equations for electron temperature Te, assuming a certain electron temperature dependence of the 
resistivity, gives the I-V curves, mixer gain, and noise temperature curves for substrate-based HEB mixers. 

HOT-SPOT MODEL ON MEMBRANE 

The HEB is built on a substrate with a thin membrane on it (this will allow us to investigate new quasi-optical 
injection techniques and designs, for instance to construct compact HEB heterodyne 2D arrays at higher 
frequencies [8]). The substrate is then removed and only the membrane remains, as seen on Fig.4: 

                         
Figure 4 : membrane-based HEB configuration 
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In the membrane-based HEB device, the substrate has been considerably thinned from 250 micrometers to 1 
micrometer. The result can be intuitively seen immediately: the heat reservoir provided by a thick substrate is 
suppressed and the heat will be mainly removed in the membrane by phonon diffusion along the membrane. The 
phonons temperature in the membrane will then increase and heat up back the phonons in the film. This effect 
will increase the electron temperature and then the resistance and the mixer properties. 

            RF Power 

     electron         e
            e~e       

         Andreev                      Electron Diffusion cooling 

       DC Bias     Reflexion   

                   e~ph

                  ph~ph     

                      Phonon   

Quasiparticule 

         Phonon-Diffusion cooling

Phonon-cooling in the Membrane only

Equation 7 will then be considerably changed, since it will be taken into account the disappearance of the energy 
removal by the substrate reservoir and the effect of the phonon diffusion along the membrane, which leads to the 
subsystems and to equation 8: 
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Assuming  proportional to d/L, d being the thickness of the material in which the phonon is diffusing, and L the 
nanobridge length, we obtain: 

M

F
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phF

F being the film thickness and M the membrane thickness. 

Taking ph= e/10, phF  and phM  x independent, and assuming phMT  and phFT  of approximately the same 

shape and magnitudes: 
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Then equations (8) become: 
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    (9)

In order to compare the results with the same model and to see the effect of the phonons diffusion along the 
membrane, we will see the substrate as a very thick membrane of 300 µm. The thickness of the membrane will 
be taken as 1 µm, and other parameters as follow: 

Parameter e(Te) ep Rn T

Value 6.10-18.Te
3 5.6.10-4 50 0.1 

Dimension Wm/K W/(mK3.6)  K 
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Membrane effect 

Solving the two nonlinear coupled heat balance equations (9) derived for the membrane-based HEB case, we 
obtain on Fig. 5 the film electron temperature profile (a) and the film phonon temperature profile (b). The part of 
the superconducting film, which becomes normal due to heated electrons, is called the ’’ hot spot ’’. 

     a       Figure 5                           b 

It is clearly shown in fig.5 that the minimization of the substrate, which usually acts as an energy acceptance 
reservoir, now increase the electron temperature profile of the film. In clear, the phonon will heat up the electron 
in the film. Indeed, the superconducting nanobridge will need less microwave power irradiation to be driven into 
the resistive state. Then, the sensitivity of the membrane-based HEB mixer should be higher. 

Hot-spot length comparison

As we’ve just seen, less irradiation power is needed in case of a membrane. We plotted on Fig.6 the Hot-spot 
length versus Plo and Pdc
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Figure 6: comparison of Hot-spot length, with respect to substrate or membrane cases. 

Here is shown that the hot-spot start to be formed at less Plo and Pdc, as we expected. While the HEB built on 
substrate show a hot-spot start at around 220 nW, the membrane-based HEB show it at 170 nW. 

I-V curves comparison 

The results presented show the model works well with the addition of the phonons diffusion term.  
I-V curves are obtained in both the thick substrate and membrane (see Fig. 7 and 8). As expected, since the hot-
spot will be formed “earlier” with the membrane, less LO power (Plo) will be needed at fixed DC power (Pdc), 
in the membrane-based HEB case, to produce the same pumped I-V curve.  
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Figure 7:             a) IV, 220 nW Plo, thick substrate                                         b)  I-V, 190 nW Plo, thick substrate
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Figure 8:             a) IV, 190 nW Plo, membrane                                         b)  I-V, 150 nW Plo, membrane

Then, theoretically, less LO power will be needed to pump the I-V curve for the HEB on membrane and reach 
the optimum curve. 

Gain curves comparison 

The Gain(V) curves depend as well on the Hot-spot formation. Gain curves have been plotted in Fig.9, for both 
the thick substrate and the membrane cases. 

Figure 9:                   a) substrate, 220 nW Plo                   b) membrane, 173 nW Plo 

It is shown again that similar curves are obtained for different LO powers, due to the membrane effect. Indeed 
the hot spots are approximately identical but are formed at different power irradiations, hence giving identical 
results for different LO powers. 
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Simulation of the behavior of the gain curves while increasing the irradiation power is described in Fig. 10. 

Figure 10: Gain curves for increased LO power 

As we can see, the maximum of the gain curve decrease as we increase the LO power. We can see this effect on 
Fig. 11 for the membrane on the thick substrate and then are able to compare the too curves. 

Figure 11: maximum gain Vs Plo for membrane, maximum gain Vs Plo for substrate

The two curves present approximately the same behavior, again due to the fact that all those curves are mainly 
hot-spot length dependant. Nevertheless, they converge for high Plo. 
For a fixed gain, less power will be needed in the membrane case. It means that the substrate cools two much the 
film, below 220 nW of Plo, to see a hot-spot to form. But, as the phonons in the membrane, due to the diffusion 
along the membrane, heat up the electrons in the films, the hot-spot will be able to form at 170 nW, showing as 
well a gain at this irradiation power. 
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From the curves of fig. 11, we can calculate the difference of Plo needed to obtain the same maximum gain, with 
respect to different membrane thichnesses. (we find for instance a difference of Plo of 4% between a membrane 
of 1 µm and a substrate of  250 µm) 
Further calculation are depicted in Fig. 12. 

Figure 12: %Plo gained between substrate and membrane 

A percentage of  20 % could be achieved with a membrane thickness of 0.25 µm, which seems to be processable. 
To summarize, irradiation power can be gained by reducing the membrane thickness below 1 µm. As the cooling 
mechanism will be less efficient, the IF bandwidth should be affected (since the time taken by the substrate to 
remove the heat from the film will be shorter). Above this limit, a phonon-cooled HEB should work as well as 
on a normal substrate. 

Noise Temperature curves comparison 

We want here to check the model behavior by simulating the noise temperature curves for both cases. We expect 
to find same curve for different Plo. Indeed, that result is similar that finding the noise temperature higher in the 
membrane case for a fixed Plo . 
Those assumptions are verified on Fig.13. 

0 0.5 1 1.5 2
VoltageHmVL

50

75
100

125

150
175

200

225

T

0 0.5 1 1.5 2
VoltageHmVL0

50

100

150

200

250

T

Figure 13:         a) 250 nW, thick substrate                                                                    b) Membrane, 195 nW 
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CONCLUSION 

On the basis of our simulations, we can foresee a normal behavior for a phonon-cooled HEB based on a thin 
membrane, provided that the membrane thickness is not smaller than 1 µm. For those thicknesses, even the IF 
bandwidth shouldn’t been affected, since the membrane still removes the heat as fast as would a thick substrate. 
Below 1 µm, however, the IF bandwidth might be affected. Nevertheless, mixer sensitivity will then improve and 
less LO irradiation power will be needed to reach the same gain and noise temperature, compared to the thick 
substrate case. This is a worthy consideration since LO power generation remains a technological challenge at 
the very high (above 1 THz) frequencies where HEB mixers are to be used increasingly. 
Moreover, the absence of dielectric close to the antenna permits to avoid the use of a lens and to investigate new 
quasi-optical injection techniques and designs, such as planar diffractive optics or focusing mirrors, for instance 
to construct compact HEB heterodyne 2D arrays at higher frequencies. Smaller optics loss is also beneficial with 
respect to improving the overall HEB receiver noise temperature. 
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Abstract

Noise and gain performance of hot electron bolometer (HEB) mixers based on 
ultrathin superconducting NbN films integrated with a spiral antenna was studied. The 
noise temperature measurements for two samples with different active area of 
3 m x 0.24 m and 1.3 m x 0.12 m were performed at frequencies 0.7 THz and 
2.5 THz. The best receiver noise temperatures 370 K and 1600 K, respectively, have 
been found at these frequencies. The influence of contact resistance between the 
superconductor and the antenna terminals on the noise temperature of HEB is 
discussed. The noise and gain bandwidth of 5GHz and 4.2 GHz, respectively, are 
demonstrated for similar  HEB mixer at 0.75 THz.  

Introduction

The radioastronomic observations require heterodyne receivers that are able to 
register weak emission lines associated with rotation and vibration transitions in the 
molecules of the far galaxies. Available local oscillators (LO) at frequencies above  
1 THz are not tunable enough and have low output power. Therefore, a heterodyne 
detector designed for these frequencies should have  wide intermediate frequency (IF) 
band and should require small LO power. The most suitable receiver for the 
frequencies above 1 THz is the receiver based on NbN phonon cooled HEB mixer. 
The IF gain bandwidth of such a mixer achieves  5 GHz [1,2]. At the 2.5 THz LO 
frequency, the best measured value of the double side band (DSB) noise temperature 
is 1100 K at T=2 K and 1400 K at T=4.2 K [2]. Authors of the Ref. 2 used 3.5 nm 
thick NbN films deposited on MgO substrate. This material  is not stable enough for 
radioastronomic applications. The purpose of this paper is to measure the noise and 
gain characteristics within one batch of mixers based on superconducting 3.5 nm thick 
NbN films grown on Si substrate with MgO buffer layer. Such films show much 
better superconducting properties than NbN films grown on either Si or MgO 
substrates. In this paper we present the results of the noise temperature and gain 
bandwidth measurements of NbN HEB mixer at the LO frequencies 0.7 THz and 
2.5 THz.. We also discuss the effect of the mixer dimensions on its noise temperature. 

Device design and fabrication.

The HEB mixers were manufactured from superconducting NbN film on Si 
substrates with MgO buffer layer. MgO buffer layer 200 nm thick was deposited by 
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e-beam evaporation from MgO pellet. The substrate temperature during the MgO 
deposition process was about 400 oC.

Ultrathin NbN films have been deposited by reactive dc magnetron sputtering in 
the Ar + N2 gas mixture. The maximum values of the critical film parameters (Tc and 
jc) are reached at the Ar partial pressure of 5x10-3 mbar, the N2 partial pressure of 
9x10-5 mbar, the discharge current value of 300 mA, the discharge voltage of 300 V 
and the substrate temperature 800 oC. The deposition rate was 0.5 nm/s. It was defined 
as ratio of the film thickness, measured with a Talystep profilometer-profilograph, and 
its deposition time. The film thickness was 3.5 nm and determined by deposition rate. 
The quasioptical mixer was made by lift-off e-beam lithography and 
photolithography. The 0.12 m and 0.24 m long bolometers  were formed by lift-off 
e-beam lithography across the gap between two Ti-Au (Ti ~ 3 nm, Au ~ 30 nm) small 
contact pads. The width of bolometers, 1.3 m and 3.0 m, respectively,  was formed 
by SiO mask (SiO~ 70 nm) made by one more e-beam lift-off  process. The central 
part of self-complementary spiral antenna was formed using lift-off e-beam 
lithography based on Cr-Au metallization (Cr~ 5 nm, Au ~70 nm). SEM images  of 
the central part of the devices are shown in Fig. 1. The next process was the 
fabrication of the outer part of the mixer by lift-off photolithography based on Ti-Au 
metallization (Ti ~ 5 nm, Au ~ 200 nm). The last process was the removing of the 
NbN layer by ion milling in Ar atmosphere from the whole surface of the substrate 
except the central part of spiral antenna which was protected by SiO mask.  

Typically, mixers based on 3.5 nm thick NbN films on silicon substrates with 
MgO buffer layer have a superconducting transition temperature between  10 K and  
11 K.  

Experimental setup

Experimental setup for noise temperature measurements at 0.7 THz and 2.5 THz 
is presented in  Fig. 2.The hyper-hemispherical lens fabricated from high-resistivity 
silicon with a HEB positioned on the flat side of the lens were mounted on a copper 
holder which in its turn was tightly bolted  to the 4.2 K cold plate of an Infrared Labs 
HD-3 LHe cryostat. The cryostat has a wedged 1.5 mm thick TPX pressure window. 
A 1.2 mm thick quartz window with an antireflection coating was mounted on the 
77 K shield. This filter has a cut-off frequency exceeding 6 THz. The intermediate 
frequency (IF) signal was guided out of the HEB via a 50  coplanar line, which was 
soldered to SMA connector. A bias tee followed by an isolator was used to feed the 
bias to the mixer and to transmit the IF signal to a low noise (<3 K) 1.2-1.8 GHz 
HEMT amplifier (36 dB gain at 1.5 GHz). The bias tee, the isolator and the amplifier 
were also mounted on the cold plate of the cryostat. The output of the amplifier was 
filtered at 1.5 GHz with a bandwidth of 75 MHz, further amplified and finally 
rectified  with a crystal detector. The measurements at 0.7 THz and 2.5 THz were 
performed using an optically pumped FIR ring laser [3]. The ring laser design 
prevents back-reflection of CO2 pump radiation from the FIR cavity into the CO2 laser 
cavity resulting in a stable output power of the FIR laser. Out-coupling of FIR 
radiation was performed through a 3 mm diameter hole in one of laser mirrors.  

The LO radiation  was focused onto the HEB mixer by two high-density 
polyethylene lenses. In order to monitor the LO output power a wire grid in the LO 
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beam path reflected a miner fraction of the LO radiation into a pyroelectric detector. 
A second, rotating  wire grid served for attenuation of the LO power delivered to the 
HEB. The signal and the LO beam were superimposed by a 6 m thick Mylar 
beamsplitter.  

DSB receiver noise temperatures were determined by the Y-factor method. 
Ecosorb was used as the hot and cold load. The temperature of the hot and cold load 
was 293K and 77K, respectively. The stability of the laser systems was good enough 
to measure the noise temperature by putting alternately the hot load and the cold load 
in the signal path behind the beamsplitter. The optical path from the load to the 
pressure window of the cryostat was about 25 cm long. The hot and cold reading was 
averaged by a computer and the Y-factor as well as the noise temperature were 
calculated. The noise temperature was also measured by chopping (frequency 15 Hz) 
between the hot and cold load using lock-in technique. It was verified at the other 
frequencies that the direct technique and chopping technique yield the same result. 

For bandwidth measurements we used an The gain and noise temperature 
bandwidths were measured by experimental setup similar to the one shown in Fig. 2. 
A backward wave oscillator OB-39 served as a local oscillator at 0.75 THz. LO 
radiation was focussed by Teflon lens, near infrared background radiation was  
filtered by 350 m thick Zitex foil.  In the IF bands 1.3 - 1.7 GHz and 4.4 – 5.2 GHz, 
IF signal can be amplified by two HEMT amplifiers did not noticeably contribute in 
the receiver noise temperature. Outside these bands, the measured  receiver noise 
temperature was corrected for amplifier noise.  

Experimental results and discussion

Below we discuss results obtained for two devices.  The mixer L310(#5) had the 
planar dimensions (lehgth x width) 0.24 m x 3 m wide and showed the best noise 
temperatures of 370 K and 1600 K at LO frequencies of 0.7 and 2.5 THz, 
respectively. The device L391(#23) with the dimensions 0.12 m x 1.3 m had the 
noise temperature 2200 K at 2.5 THz. We should admit that the noise temperature of 
the device L310(#5) - 370 K at 0.7 THz - was measured  with the silicon lens whose 
antireflection coating was optimized for 2.5 THz. Thus, the noise temperature can be 
further decreased using the antireflection coating with appropriate thickness. We 
should admit that the improvement of the noise temperature with the increase of the 
bolometer width was found for all batches of mixers that we have studied. The 
essential difference between the noise temperature values can be understood taking 
into account  additional to the bolometer itself contact resistance contributed by 
contact areas  between  the gold antenna and the thin NbN bolometer (Fig.3). Contact 
resistance between NbN film and metallization is most likely due to residue of 
photolack  used in the lift-off process and/or to  oxidization of the NbN film between 
film and contact deposition.  In order to clean the surface of the NbN film right before 
the contact deposition, we use plasma etching in O2. Among other cleaning methods, 
this one results in  the lowest contact resistance. of the structure. However, this 
process can increase oxidization depth of the NbN film. 

In comparison to gold metallization, the 3.5 nm thick NbN is a bad conductor 
for high-frequency (RF) current. Therefore, when gold is present on the top of the 
NbN film, RF current flows mostly through gold. This current enters the bolometer 
within contact areas having the length d (see Fig. 3). The dimensions of this contact 
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areas determine the magnitude of the additional resistance. Both the contact resistance 
itself and the resistance of two additional portions of the NbN film forming the 
contact area dissipate part of the RF current and thus decrease radiation coupling. This 
impacts the noise temperature.  

Our  results show that the additional resistance contributed by the contact areas 
decreases when the  width of the bolometer increases. Such tendency was found by 
analyzing several batches of devices with different width. In order to keep the 
bolometer inpedance and the IF match unchanged  it is also necessary to increase the 
bolometer length. Thus, the noise temperature of a HEB mixer can be improved by 
increasing the size of the bolometer size. However, the increase of the mixer 
dimensions cause the increase of the required LO power. Since output power of 
multiplied solid-state radiation sources drops with frequency, it may be not sufficient 
to optimally pump a large device. That is why the general way to improve the noise 
performance of the mixer is to decrease the contact resistance between the metal 
antenna and the bolometer  without increasing its dimensions. The most prospective 
process of ohmic contact formation is in situ gold deposition. However, there are 
difficulties in removing gold from the bolometer.  We consider that the difference of 
the mixer noise temperature over the batch is first of all determined by the  spread in 
values of additional resistance. Moreeover, because of film non-uniformities at the 
submicron scale, submicron bolometers that nominally have the same dimensions may 
not have the same resistance. This also causes spread in the noise characteristics 
within the batch.  

We also measured the noise and gain bandwidths of the mixer L310(#7) at the 
LO frequency of 0.75 THz. The mixer showed the noise temperature of 840 K at the 
intermediate frequency about 1 GHz. To measure the noise temperature of this mixer 
we used two HEMT amplifiers that brought the negligible contribution to the noise 
characteristics of the receiver in the IF ranges of 1.3-1.7 GHz and 4.4-5.2 GHz. 
Outside these bands the noise of the receiver was effected by amplifier noise. To 
obtain complete IF frequency dependence of the mixer noise temperature we carried 
out the measurements in a wider frequency range and corrected the result for  
frequency dependent noise temperature of the amplifier  and their effect on the system 
noise temperature. The corrected mixer noise temperature dependence is shown in 
Fig. 4. The noise temperature bandwidth of the mixer was about 5 GHz. The gain 
bandwidth of the mixer (Fig. 5) was about 4.2 GHz that was the typical value for the 
mixers based on the 3.5 nm thick NbN film.  

Conclusion

The contact resistance appearing at the boundary between the superconducting 
bolometer film and contact metallization impacts the noise temperature of HEB 
mixers. One possibility to decrease the contact resistance and improve noise 
performance of the receiver is an enlargement of the mixer working area that is the 
bolometer itself. The enlargement of the working area from 1.5x0.12 µm2 up to 
3x0.24 µm2 cause a decrease of the noise temperature from 2200 to 1600 K at LO 
frequency of 2.5 THz. However the required LO power is also increased along with 
enlargement of the mixer working area, that is unacceptable for wide range of the 
applications because available power from multiplied solid state sources decreases at 
the terahertz frequencies. At frequencies above 2 THz, antenna geometry also limits 
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dimensions of the bolometer. Further improvement of HEB mixers is connected with 
development of the technology which would allows us to decrease the impact of 
contact resistance between the superconductor and contact metallization. 
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Fig. 1 SEM image of the central part  of the spiral antenna. 

Fig. 2 Schematics of the experimental setup used for noise temperature measurements. 
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Fig. 3 Location of contact areas between the bolometer and antenna terminals. Shown 
is the current redistribution resulting in the excess contact resistance. 

Fig. 4 Noise temperature vs. intermediate frequency for device L310(#7). 
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Fig. 5 Gain vs. intermediate frequency for device L310(#7). 
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Abstract

NbN phonon-cooled hot electron bolometer mixers (HEBs) have been realized with negligible 
contact resistance to Au pads. By adding either a 5 nm Nb or a 10 nm NbTiN layer between 
the Au and NbN, to preserve superconductivity in the NbN under the Au contact pad, superior 
noise temperatures have been obtained. Using DC I,V curves and resistive transitions in 
combination with process parameters we analyze the nature of these improved devices and 
determine interface transparencies.  

1. Introduction 

Currently, for frequencies beyond 1 THz, superconducting hot electron bolometers (HEB’s) 
appear to be the only option for low noise heterodyne mixing elements. Phonon-cooled 
HEB’s, based on thin superconducting NbN with a fast electron-phonon cooling time, are 
particularly promising because they combine a high sensitivity with a reasonably large 
intermediate frequency (IF) roll-off [1-6]. However, these detectors have not yet reached the 
ultimate sensitivity limit set by quantum noise: bk/ , in which is Plank’s constant,  the 

angular frequency, and kb is Boltzman’s constant. Further progress, both theoretically and 
experimentally, is critically dependent on a proper understanding of the device-operation. 
Originally it was proposed that these devices would exploit the strong temperature 
dependence of the resistive transition. However, it has become clear that both diffusion-
cooled and phonon-cooled devices are based on an electronic hot spot, formed because they 
are biased with a relatively high DC current. This resistive electronic hot spot of variable 
length has been identified as the source of the mixing process.    

In a HEB the active superconducting material is in direct contact with an antenna structure, 
which also serves as electrodes for the dc bias. To minimize losses at the high frequencies a 
high conductivity normal metal, such as gold, is used. In a series of experiments we have 
recently learnt that improved mixing-performance can be realized by focusing on improved 
contacts between the NbN, optimized for phonon-cooling, and the Au electrodes. If an 
intermediate layer of Nb or NbTiN is inserted between the active NbN and the Au 
significantly better noise temperatures are reached. To date best receiver noise temperatures 
of 1000 K @ 2.5 THz have been obtained with a device with a NbTiN intermediate layer. 
Details of the RF measurements can be found elsewhere [8]. 
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In this paper we describe the various contacts we have developed and studied based on the 
DC I,V curves and resistive transitions. To understand the critical temperature of the different 
multi-layers appearing in the different contact structures we use a proximity-effect model for 
bi-layers [9].

2. Devices with different contacts  

The NbN HEBs are based on a 3.5 nm thick NbN film on a Si substrate, produced at Moscow 
State Pedagogical University. These films, optimized for phonon-cooling, have a sheet 
resistance of 635 measured at 300 K, and after subsequent fabrication steps a Tc of ~ 9.9 
K. The layout of a mixer together with a cross section of the contact structure is shown in Fig. 
1. A spiral antenna of 120 nm thick Au (layer 1 in Fig. 1) is used to couple the RF and DC 
signal into the superconducting bridge. The connection between the bolometer itself (3) and 
the antenna is made by the contact structure, consisting of a gold layer (“2”) and an 
intermediate layer (“4”) on top of the NbN film. The intermediate layer consists of either a 
normal metal (Ti) as an adhesion layer or a superconductor (Nb or NbTiN). The latter is to  
avoid a proximity-effect induced destruction of the superconductivity in the NbN under the 
Au. Typical dimensions of the bridge are 4 m in wide and 0.4 m in length, measured 
between the contact-pads, the part of the NbN uncovered by any contact layer.

Figure 1. Spiral antenna coupled NbN HEB devices. On the left a SEM picture of the top view of a device and on 
the right a cross section of the device. “1” indicates the Au spiral antenna structure which is ~ 150 nm thick; 
“2” the Au layer on the contact pads; “3” the superconducting NbN film, which extends underneath the contact 
layer/antenna; “4” the intermediate layer between the Au and the NbN film; “5” the Si substrate.  

The thin optimized NbN films have to become part of the antenna-structure. It was found [10] 
that they suffer from irreproducible contact resistances due to a native oxide or other surface 
contaminants on the NbN film. A short Ar+ physical etching step is applied to remove such a 
contamination layer. To find an optimal recipe for the best contacts various experiments have 
been executed using the more readily available NbTiN layers. Fig. 2 shows the results of an 
Ar+ etch calibration curve using a freshly made NbTiN thin film. The devices have been 
artificially contaminated by applying an O2 plasma for 15 sec.  Fig. 2 clearly shows, that an 
Ar+ etch during more than 10 sec helps to reduce the contact resistance. These data are not yet 
conclusive because we could not deposit the subsequent the Ti/Au layer in the same vacuum 
system, where the Ar sputter etch is performed. Hence, the remaining resistance could be due 
to the brief exposure of the freshly cleaned film to ambient pressure. We should also point out 
that applied to a NbN film an Ar etch of 5 seconds already leads to a reduction of Tc by 0.5 K.

3

1

2

5 m

resist

5
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Fig. 2. Resistance of a HEB-like devices measured at a temperature above Tc plotted as a function of Ar+ etch 
duration. Before Ar+ etching, the NbTiN has been artificially contaminated by an O2  plasma for 15 sec. We note 
that for a plain NbN film, the effect of 5 s Ar+ etching is a decrease in Tc of ~ 0.5 K.  

Minimizing a contact resistance between Au and NbN is attractive to reduce the losses and to 
avoid a voltage-drop in the device at a point where it cannot be an active part of the mixing 
process. However, a reduced contact resistance between the thick Au and the thin NbN means 
also an enhanced transparency for electronic exchange, or a maximally effective proximity-
effect, which will lead to a destruction of the superconductivity in the NbN underneath the 
Au. To make sure that the uncovered NbN (Fig.1) would be the weakest link we also 
developed devices with a superconducting film inserted between the NbN and the Au to 
maintain superconductivity in the covered NbN.    

We developed and studied four different types of contact structures.  For clarity we first 
define our terminology. We will use the term contact layer for the composite layer of Au 
(“2”) and the intermediate layer (“4”) in Fig. 1, which is deposited on top of the NbN. We will 
use the term contact pad for the triple-stack layer of the NbN and the contact layer(“4”+”2”). 
This triple-stack sets the boundary conditions for the signal fed to the active NbN layer and 
also for hot-spot formation. All device geometries are identical except for the contact layer 
and the treatment of the NbN surface prior to the deposition of the intermediate layer. All 
devices are made on a single wafer. Details of the four different types of contacts are listed 
below:

Type A: The contact layer is 5 nm Ti layer, introduced to improve Au adhesion, and 70 nm 
thick Au on top. The interface to NbN is cleaned by a low power and low pressure O2 plasma 
for 6 seconds, meant to remove resist-residues. The contact-layer (“4”+”2”) is evaporated ex
situ afterwards. 

Type D: The contact layer is 5 nm Ti and 70 nm Au. The interface to the NbN is prepared by 
cleaning first the residual e-beam resist using the same O2 plasma cleaning as type A. Then an 
Ar+ physical etch cleaning (15 seconds) is performed. The metals are evaporated ex-situ
afterwards.

Type H: The contact layer is 5 nm Nb and 45 nm Au on top. The interface to the NbN is made 
by cleaning first the residual e-beam resist using the same O2 plasma, followed by an Ar+

physical etch cleaning (15 seconds). The metals (of layers “4”+”2”) are sputtered in-situ
afterwards. Although we did not monitor the Tc of this Nb layer, from experience we expect it 
to be superconducting at a Tc of about 6 K. 
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Type G: The contact layer is 10 nm NbTiN and 40 nm Au on top. The interface to the NbN is 
prepared identically to the method used for type H. From previous measurements, we expect 
the intrinsic Tc of the NbTiN layer to be ~ 8 K. 

Note that the O2 plasma cleaning step is critical. If the duration is too short, not all residual e-
beam resist is removed. But if too long, the O2 plasma starts to oxidize the surface of the NbN 
[11]. To illustrate this point we present resistance versus temperature measurements (Fig.3) 
from a testbatch of HEB like devices using NbTiN as the active film. All devices have the 
same bridge dimensions, but with different O2 plasma etch duration for the contacts. Starting 
with 4 seconds the device resistance first decreases, which we attribute to resist-residue 
removal. For etch times longer than 6 seconds the device resistance increases and the Tc

drops. This combination of observations indicates a deterioration of the NbTiN film. We have 
subsequently used 6 sec as a value for optimized O2 cleaning.
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Fig.3. Resistance versus temperature measurements of HEB-like devices with various O2 plasma cleaning 
duration before the metal contact pad is evaporated (ex-situ). In this case, a thin 4.5 nm NbTiN film with a lower 
Tc than the NbN is used. A clear reduction in Tc is observed for O2 plasma etch durations longer than 10 s as 
well as an increase in resistance.  

3. Resistance versus Temperature Measurements 

We first compare the R(T) curves of type A and type D devices, which only differ with 
respect to interface cleaning (Fig. 4). In the normal state type A devices show a resistance of 
170 , which cannot be accounted for by the bridge resistance alone, using the known 
resistivity of the film. (Similar anomalously high resistance values for HEB’s were reported 
before [10]). The resistance of type D devices is ~ 80  and approaches the expected 
resistance of the bridge. Because the devices are identical except for the cleaning of the NbN 
film we associate the additional 120  with the contact resistance between the active NbN 
bolometer and the contact layer. Obviously, the physical interface cleaning reduces the 
contact resistance significantly.  

Upon cooling the devices we find that type A devices have only one superconducting 
transition temperature around 9.3 K. The type D devices show two transitions, one at 7 K 
(Tc2) and one at 9.9 K (Tc1). Since the measurements are two-point measurements on an 
effectively NSN one would not expect a full zero-voltage state. However, the resistive 
contribution of the Au is negligible on the scale of Fig.4 and all resistance must be due to the 
highly resistive NbN (apart from the contribution due to the interface). The lower transition 
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temperature Tc2 observed for type D devices is attributed to the NbN underneath the contact 
layer. The highest transition temperature Tc1 is assumed to be due to the bridge itself. The 
lower value of Tc2 may be partly due to 15 sec Ar+ etching and partly due to the 
superconducting proximity effect. Although not analyzed in detail it is reasonable to assume 
that the resistance “tail” between 7 and 9.5 K is due to the conversion of quasi-particle current 
to supercurrent and the associated resistance [14,15]. 

Figure 4: Resisatnce versus temperature curves of type A (left) and type D (right) devices. (All devices have 
similar lengths, except for device D3, which is shorter). Note that Tc2 (lower value) is identical for devices 
with the same contact. This indicates good process control of the interface.

For devices of type A we only observe one transition temperature, indicating that the critical 
temperature of the pads is identical to the one of the bolometer. This is consistent with our 
understanding that there is a contact resistance in between the layers.

Fig. 5 shows R(T) curves measured for several devices with an intermediate superconducting 
layer contact, which might suppress the reduction of Tc of the pads by the proximity-effect 
(with Nb, type H (left), and with NbTiN, type G (right)). These devices show normal state 
resistance values ranging from 56 to 78 , depending on bridge length. In addition the overall 
shape of the resistive transition is quite comparable to those of type D devices.

Fig.5 R(T) curves of devices with superconducting intermediate layers ( type H with Nb (left) and type G with 
NbTiN (right)). H3 and G3 are shorter. Note that the Tc2 values are identical for the devices with same 
contact types.
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All data have been summarized in Table 1. A small difference remains between measured 
resistance values and calculated ones (between brackets). Whether this is due an uncertainty 
in the value for the sheet resistance or reflects a remnant contact resistance is not known. Note 
that devices of type D, G and H have similar Tc1’s (9.9 K) but different values of Tc2. The 
latter value is interpreted as reflecting the critical temperature of the contact pads.  

Table 1, Summary of measured DC parameters of devices of batch M2S, containing devices with four different 
types of contacts. R11K and R300 K are the resistance measured at 11K and at the room temperature. The expected 
values for R11K are estimated from the bridge size and the sheet resistance of the NbN film . RRR is the ratio 
between R300 K / R11K. Tc1 is the critical temperature of the bridge and Tc2 the contact pads, determined from the 
RT curve. Ic1 is the maximum critical current measured manually in the current-bias mode.

Device R11K
(expected)

R300 K RRR Tc1  Tc2  Ic1

A1
A3
A4

147
218
236

98
116
135

0.67
0.53
0.59

*           9.5 K
*           9.3 K
*           9.3 K

311 mA  
345 mA  
348 mA  

D1
D2
D3
D4

79
86
59(52)
80

67
70
53
72

0.83
0.83
0.91
0.91

9.7 K    6.7 K 
9.8 K    7.0 K 
9.9 K    7.1 K 
9.9 K    7.1 K 

367 mA  
451 mA  
478 mA  
499 mA  

H2
H3

78(60)
62(52)

65
53

0.83
0.83

9.8 K    5.3 K 
9.7 K    5.3 K 

436 mA  
400 mA 

G1
G3

78
56(52)

65
50

0.83
0.91

9.5 K    7.0 K 
9.9 K    7.2 K 

456 mA  
515 mA 

4. Transition Temperatures of Bi-layers 

For a quantitative understanding of the possible Tc variations in stacks of contact layers we 
study a few typical bilayers using the proximity-effect model developed by Golubov et al. [9]. 
The model contains the intrinsic Tc’s, the resistivities and the thicknesses of the different 
layers as well as the interface transparency. Even for a chemically clean interface the 
transmissivity will still differ from unity because of Fermi velocity mismatch. Fig. 6 shows 
the reduced transition temperatures t (T/ Tc) for three different cases: NbN (3.5 nm)/Au (70 
nm), Nb (5 nm)/Au (45 nm), and NbTiN (10 nm)/Au (40 nm), as a function of interface 
transparency. 

For NbN/Au the reduction of Tc has a strong dependence on the transparency, because the 
NbN is extremely thin. A transparency of 0.05 is already enough to push the Tc to below 4 K 
(Tc =9.9 K for NbN). Since type A devices show a minor reduction in Tc, the interface 
transparency must be smaller than 0.005. For type D devices we find experimentally a 
reduced temperature of 0.7-0.8, which would be consistent with a transparency between 0.01-
0.02. This value is considerably smaller than the value of ~0.2, which we expect form the 
Fermi velocity mismatch based on vf = 1.39 106 m/s for Au [16] and vf = 5.7 104 m/s for a 
NbN film [17].  

Only O2

Etch

O2 + Ar 
Etch
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Fig. 6.  Reduced critical temperature (T/ Tc) as a function of interface transparency  calculated for three 
different bilayers, NbN/Au, Nb/Au and NbTiN/Au.   

We also use the results of Fig.6 to determine an expected value for the Tc of the bilayers 
involved. For the Nb/Au interface we assume a transparency of 0.5, which is calculated using 
vf = 2.77 105 m/s for Nb [18]. Using a Tc of 6 K for the Nb film, we expect a Tc for the 
contact bilayer of 1.8 K. For temperatures far above 1.8 K, we can treat this contact layer as a 
single normal metal layer. Unfortunately we have no data for the Fermi-velocity of NbTiN 
film. To proceed we assume the transparency of the NbTiN/Au interface to be the same as for 
Nb N/Au (~0.2). Using this we find an expected Tc of the NbTiN/Au layer of ~ 5-6 K, using a 
Tc of 8 K for the NbTiN film. 

Type H contacts show a Tc2 of 5 K, i.e. a reduced critical temperature of 0.5-0.6. Assuming 
that we can indeed treat the Nb/Au bilayer as a fully normal layer, more specifically as a 
single Au layer we can apply the calculated curve for NbN/Au of Fig. 6. From this we find a 
relatively small interface transparency of 0.02-0.03 in Type H devices between NbN and the 
contact layer.

Type G devices have an identical interface between the NbN and the intermediate layer 
because the interface was made in the same way. If we use the transparency value of Type H 
contact for Type G as well we find a consistent value for Tc2 (7.1 K).

We conclude by emphasizing that the transparency for Type H and G contacts is still 
relatively low, T~0.02-0.03, compared to the expected maximum value of T=0.2. However, it 
is better than for Type D (T~0.01-0.02), probably because of the in-situ deposition. It 
certainly indicates that the deviation between the expected and measured resistances as listed 
in Table 1 may be partly due to the interface resistance.  
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5. Current versus Voltage measurements 

The R(T) measurements and the evaluation of the proximity-effect model build a coherent 
picture, suggesting that the successful device-types G and H consist of NS’SS’N devices with 
N representing the Au antenna wiring, S’ the contact pads and S the active superconducting 
layer. S’ has a slightly lower Tc than S if measured with a low bias current. In actual use 
HEB’s are cooled down to a bath temperature of 4.2 K or lower, and then biased by a DC 
voltage, which establishes a working point for the mixer by the formation of the electronic hot 
spot. The evolution towards this working point can in principle be followed in the current-
voltage characteristics. In interpreting the I,V curves one extra element has to be kept in mind. 
The variation in thickness (or cross-section) causes the local current density to be highest in 
the active NbN material. And a variation in current-density might cause a variation in local  
power-density when normal. However, the variation in thickness as well as the nature of the 
materials should also be dealt with in establishing the heat out-flow conditions. Therefore I,V 
curves are not easily interpretable.   

Figure 7, IV curves of devices with contact type A, D and H, measured at different temperatures. The curve for 
type G is not shown since at this voltage range it is very similar to the curve of type H.   

Fig. 7 shows I,V curves of typical devices of type A, D, and H, measured using a voltage bias 
for various bath temperatures from 4.2 K to about 10 K. For Type A devices a rather broad 
feature is visible at low voltages ending around 15 mV. Beyond 15 mV, the IV curves do not 
overlap for different temperatures. Similar features have been reported for devices fabricated 
in similar way [2,3]. As argued before these devices have a rather large contribution to the 
resistance due to the NbN/Au interface, which will contribute as local source of dissipation, 
which will influence the formation of a usable hot spot. Since this broad feature appears only 
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for type A devices we believe that this contact resistance plays a role. Note that it appears 
directly after the critical current is exceeded at the lowest voltages. It is know that in this 
regime a negative resistance region appears causing time-dependent relaxation–oscillations. 
So the actual shape might be a time-averaged result and not necessarily informative about the 
DC I,V curve.

I,V curves of type D and H contacts do not show these broad shoulder-like structures. Instead 
we observe a much narrower features at low voltages followed by a smooth transitions of the 
IV curves to a regime with positive resistance This transition takes place within a bias voltage 

 10 mV for type D and  5 mV for type H. The change of IV curves from low temperatures 
to Tc behaves very similar to what one expects from the electronic hotspot model [12,13]. All 
the IV curves at high bias overlap for different bath temperatures, indicating that a normal 
resistive hot spot is established and that the resistance of the contact pads does not play a role.

The dissipative state characteristic of a fully established hot spot is reached by starting with a 
nearly zero-resistance state. For increased current a critical value is reached after which the 
normal state is approached through some intermediate state. Therefore, we also checked the 
critical current of various types of devices at 4.2 K. The results are also included in Table 1. 
These reported values are measured manually using the current-bias mode. Slightly lower 
values are found from the I,V curves recorded in the voltage-bias mode.  For Type A devices 
the maximum critical current, defined as Ic1, varies substantially. However, it is clear that 
Type A devices have the lowest critical current, while the type G devices the highest value.
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Figure 8. On the left side: the IV plots of device type H; on the right side, the IV plots of type G. All curves are 
taken around the zero bias voltage and at 4.2 K.  

In Fig. 8 the I,V curves for Type H and G devices are shown on an expanded voltage scale. In 
Type H devices (Nb intermediate layer) we observe at low voltages two critical currents. The 
slope of the IV curve above the kink corresponds to a dynamic resistance of ~ 3.5 . Ic1 is 
defined as the highest critical current where the voltage rapidly increases and the hot spot is 
formed. The lower critical current Ic2 signals the onset of a resistive state with a value much 
lower than can be attributed to a fraction of the bridge being normal. It is reminiscent of 
features observed in superconducting microbridges and might also reflect flux-flow or phase-
slip behaviour. This lower critical current, Ic2, decreases with increasing temperature and 
disappears completely when the temperature reaches Tc2 for the pads. We therefore believe 
that Ic2 is related to the contact pads, which implies that the small dynamic resistance signals 
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the resistance associated with the conversion of the currents from N’ (S’ in the normal state) 
and S the active superconducting layer.

These two critical currents are strikingly absent in devices of Type G (NbTiN intermediate 
layer). This suggests that the Ic2 associated with the pads is either equal to or larger than Ic1.
Such a difference might qualitatively be understood by the differences in Tc. However, the 
important issue is what conditions are established for the electronic hot spot when operated as 
a mixer. These remain to be worked out. 

6. Conclusions

The crucial importance of the contacts between the Au antenna and the active NbN layer in 
phonon-cooled hot-electron bolometers has been demonstrated. Best results have been 
obtained with contacts in which a NbTiN layer is inserted between the Au and the NbN. 
Devices without physical cleaning of the NbN surface have significant contact resistance  
(~ 100 ). Devices with contact pads with physical cleaning of the interface show negligible 
contact resistances (<10 ). It is argued that the interface transparencies are still not close to 
unity (0.01-0.02 for ex-situ and slightly better (0.02-0.03) for in-situ deposited contact pads). 
The results suggest that further optimisation of mixer performance is to be found in improving 
further the transparency and determining the optimal use of the superconducting intermediate 
layer.
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Transition Edge Operation of Tantalum  

Diffusion-Cooled Hot-Electron Bolometers 

Anders Skalare, William R. McGrath, Bruce Bumble, Henry G. Leduc 
Jet Propulsion Laboratory, California Institute of Technology 

Pasadena, CA 91109

Diffusion-cooled hot-electron bolometers (HEB’s) differ from the phonon-cooled variety 
in that the electron temperature distribution inside the device has an approximately 
parabolic shape, instead of being essentially uniform. As a result, the electron 
temperature Te is close to the transition temperature Tc only in a small portion of the 
device, and it is only that portion that can generate thermal fluctuation (TF) noise and that 
can contribute to the frequency conversion in a mixer. Heat from the DC current is 
dissipated in any parts of the device that are in the normal state, while RF heat dissipation  
(above the gap frequency) is uniform throughout the device. The internal temperature 
distribution is determined by this heat dissipation and the dominant heat transport 
mechanism, which is electron diffusion, as described by the Wiedemann-Franz law. The 
difference in heat conductivity between the superconducting and the normal-conducting 
regions of the device should also affect the heat transport, as should Andreev reflections 
at the interface between the regions. For a thorough description of these effects and 
others, the reader is referred to [1]. 

In a simple model the electron temperature inside the device is close to Tc only in some 
limited regions of the device, as marked in Fig. 1. For the bias conditions B and C in 
Figs. 1 and 2, which can be reached at least theoretically, these regions are quite small. 
For bias point A the normal conducting part of the device is quite small, and as a result 
the bias current needs to be higher in than at point B in order to dissipate a sufficient 
amount of heat to support the temperature distribution. This creates the region of negative 
differential resistance around point A that cannot be easily reached experimentally due to 
instability. 

With a sharply defined transition, the model in Fig.1 reduces to the hot-spot model [2], 
where mixing is achieved by the expansion and contraction of the central normal region 
as a response to modulation of the heat dissipation by the signal and local oscillator (LO) 
voltages. In laboratory measurements a finite transition width is always seen in small 
devices. The reason may be variations in the actual Tc between different grains in the 
device film, or possibly that the transition is widened by the thermodynamic energy 
fluctuations themselves. A small piece of the device (about the size of a few coherence 
lengths) will have a fluctuating energy content, so that if the electron temperature is close 
to Tc it could at some times be in the normal state and at other times superconducting. 
This could at least partially explain the measured transition width, and could also justify 
the use of a finite transition width in simplified mixer calculations to represent that 
mixing can occur also in regions that are slightly above or below the nominal Tc. It 
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would seem that only a small amount of thermal fluctuation noise could be generated and 
only low conversion efficiency could be achieved at bias points B and C in Figs 1 and 2, 
since such small parts of the device are close to the Tc. However, this is not necessarily 
the case when the bias is close to point B, where the dc bias circuit / device combination 
becomes unstable. Close to that point even small variations in heat content can result in 
significant voltage shifts, which constitute output noise when those variations are due to 
thermal fluctuations, and intermediate frequency output power when they are due to the 
beating between the signal and the LO in a mixer. Since this is in principle caused by a 
feedback effect, the bandwidth of these parameters will be affected. 

Experimentally, the Tc does not seem to be uniform throughout a device, and in short 
bolometers a “foot” structure appears in the resistance-versus-temperature (R vs. T) 
curve. This structure, which is present in both tantalum and niobium devices and is even 
more pronounced in those made from aluminum, appears to be associated with the ends 
of the microbridge. One explanation for this effect is that the superconducting gap is 
suppressed at the ends due to proximity to the normal metal pads, or that a charge-
imbalance effect at the S-N interface is responsible [3]. The measurable effects include 
the foot structure and an apparent lowering of the supercurrent at the device ends that 
creates two breakpoints in the “supercurrent” of the entire bridge when the temperature is 
not too far below Tc. Also, in many devices high output-noise peaks occur at high DC 
bias voltages (several mV), that can be attributed to the end effects if these can indeed be 
regarded as a lowering of Tc. According to this theory, the “Te-distribution” can 
sometimes intersect the “Tc-distribution” close to tangentially near the device ends, as in 
Fig.3 (case A). This means that a larger fraction of the device would be close to its “local 
Tc” than would be the case at surrounding bias points where the intersection occurs at a 
larger “non-tangential” angle. As a consequence, a larger amount of noise is generated at 
the specific bias point indicated in case A in Fig.3 . The height of the noise peak can be 
quite high even though only a fairly small part of the device is involved, since the dc bias 
current is high and since the amount of output noise is proportional to the square of that 
current. The interpretation is supported by the experimental observation that the noise 
peaks are shifted down to lower bias levels (and lower electron temperatures) if the 
ambient temperature is closer to the “Tc” of the foot structure, cases B and C in Fig.3 . 
The fact that the noise peaks in Fig.3 can be shifted down, points to a method that can 
potentially increase the conversion efficiency of a diffusion-cooled HEB mixer.  The 
peaks are not useful for a low-noise mixer application when they occur at high voltages 
(Fig.3 Case A), since only the end points of the device would be close to Tc. The electron 
temperature at these endpoints cannot be modulated significantly by the signal and LO, 
since they are heat sunk directly to the contacts, which are held at a fixed (ambient) 
temperature. The conversion efficiency would therefore be very low. The situation is 
different in Case C, since the electron temperature is close to Tc also in regions inside the 
bridge where the electron temperature can be coherently modulated. This would suggest 
that an internal “Tc-distribution” with a parabolic shape would allow the electron 
temperature to be close to Tc in a larger part of the device. In reality it is not known what 
shape the effective Tc-distribution has in actual devices. The simplest analysis would be 
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to represent the distribution by the shape of the R vs. T curve, but whether this is indeed 
physically justified remains to be determined. The device length would need to be used as 
a parameter in adjusting the shape of the Tc, and it would depend on how far into the 
device the end effects do extend. In this model the maximum supercurrent (Ic) should be 
a local parameter inside the device (similar to the description in [1]) and should depend 
both on the local electron temperature Te(x) and the “local transition temperature” Tc(x). 
A finite dc bias current is required to operate the device as a mixer, and in our model one 
condition for high conversion efficiency should therefore be that the local Ic(Te(x),Tc(x)) 
is close to this bias current in much of the device, rather than having direct agreement 
between Te(x) and Tc(x). In a way the situation resembles larger phonon-cooled HEB’s 
that automatically have Te close to Tc in much of the device. Such phonon-cooled 
devices sometimes exhibit a “flat” segment in the IV-curve, which does indicate that 
much of the device has the same Ic. We have observed such a flat segment at 1.22 K in a 
100 nm long diffusion-cooled Ta device with a Tc of about 2.5 K, Figs. 4 and 5, which 
indicates that this situation can indeed also be achieved in a diffusion-cooled device over 
a narrow ambient temperature range (less than 0.1 K in this case). As seen in Fig.5, the 
flat part of the IV curve also generates more noise, as expected from the described model.  

In brief conclusion, by observing output noise from Ta diffusion-cooled HEB’s we 
conclude that the suppression of Tc at the ends of a device can be used to achieve a 
constant Ic in a significant fraction of the device at a specific ambient temperature, if the 
device length is chosen correctly. If this situation can be achieved in an actual HEB mixer 
with LO power applied, the conversion efficiency would likely be increased since a larger 
part of the device could participate in the mixing process. 

This research was carried out at the Jet Propulsion Laboratory, California Institute of 
Technology, under a contract with the National Aeronautics and Space Administration. 
Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise, does not constitute or imply its endorsement by 
the United States Government or the Jet Propulsion Laboratory, California Institute of 
Technology.
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Fig.1; Internal temperature distributions 
for three different bias points (Fig.2) 

Fig.2; Schematic of an IV curve and of the 
microwave output noise. 

Fig.3; Measured IV curves and output noise at 1.5 GHz, measured with a 0.2 micron long Ta 
bolometer. The graphs of the internal temperature distributions are schematics only. 

Fig.4; Resistance vs. Temperature 
curve for a 0.1 micron device. 

Fig.5; Measured IV curves and output noise at 1.5 GHz 
for the device in Fig.4 at two different temperatures. 
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Abstract

We are presenting here our recent results of noise temperature and impedance measurements
for NbN Hot Electron Bolometer (HEB) mixers.

The noise temperature measurements were performed over a 1-8 GHz IF band using an
LO frequency of about 1.6 THz using quasi-optical coupling and a single low noise HEMT
MMIC amplifier.

On the other hand, the impedance measurements were completed with a network ana-
lyzer in the presence of LO power and DC bias, over a 2-10 GHz frequency range.

The experimental results of both sets of measurements are used to predict noise and
gain bandwidth of our devices and for comparison with those obtained from the standard
model.

Introduction

Hot Electron Bolometer (HEB) technology has become mature enough over the past years
to allow the development and implementation of observing platforms in the terahertz region
such as HIFI [3], TREND [10], GREAT [4] and TELIS [7].

In such receivers, there are two parameters that are particularly important, since they
may ultimately determine the threshold for the minimum signal level that can be reliably
detected, namely the IF gain bandwidth, defined as the IF frequency at which the conversion
efficiency of the mixer drops by 3 dB from its low IF value; and the noise bandwidth, defined
as the frequency at which the mixer noise doubles compared to its zero frequency value [9].

For NbN or Nb based HEB mixers, the noise and gain bandwidth depend upon film
properties such as thickness, critical temperature (Tc) and acoustic coupling between film
and substrate [6]. In principle, these mixers can reach an IF gain bandwidth of a few
gigahertz, whereas their noise bandwidth can be even larger [1].

Here we present experimental results obtained from characterization of two of the main
properties of HEB devices that are relevant to their intermediate frequency response, namely
the IF small signal impedance, which can be useful to estimate gain bandwidth without
requiring a THz tunable source, and the receiver noise temperature as a function of inter-
mediate frequency.
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The measurements were performed over a wider frequency range than it has ever been
done (1-8 GHz and 2-10 GHz, respectively), with the purpose of evaluating the effectiveness
of HEB mixers as low-noise broadband receivers.

Experimental Setup

Two different setups were used to carry out the two sets of measurements.
A pair of mixers were selected from two different batches. The sample used for noise

bandwidth quantification was fabricated on silicon substrate with an active NbN area 5 nm
thick, 1 µm long and 4 µm wide. A twin-slot antenna was used with this device.

For impedance measurements, though, the device was fabricated on magnesium oxide
substrate and the dimensions for the superconducting area were 4 nm thick, 2 µm long and
20 µm wide. No antenna was used in this case.

In both cases, the THz radiation was coupled to the device using a quasi-optical ap-
proach, in which a elliptical silicon lens couples both the RF and LO beams into the HEB.

The LO source was a CO2-pumped laser running in continious wave (CW) mode in the
THz regime.

A. Noise Bandwidth

Figure 1 shows the apparatus used for noise temperature characterization. The wavelenght
for the local oscillator was 184 µm, which corresponds to 1.63 THz.

Figure 1: Laboratory setup for measuring HEB noise temperature

A hot/cold blackbody source is inserted into the beam path, and the change in IF power
(Y-factor) is registered at the power meter. The noise temperature of the receiver is then
computed directly from the Y-factor.

The interior of the liquid helium cryostat used to cool down the specimens is also shown
in Figure 1. The bolometer chip was mounted in a mixer block, to provide it with a bias
circuit along with a connection to the IF chain achieving a reasonably good match over the
desired bandwidth and eliminating the need for an external bias tee.
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The wide-band HEMT InP MMIC low noise cryogenic amplifier was designed by Prof.
Sander Weinreb at JPL/Caltech. This amplifier has two stages, a gain of 20 dB and a
equivalent noise temperature below 10 K throughout its band (1–10 GHz).

In order to minimize standing wave problems and improve stability, a cryogenic isolator
was placed at the input of the LNA. Since none of the currently available cryogenic isolators
can cover more than an octave, the band of interest was divided into three smaller bands;
1–2 GHz, 2–4 GHz and 4–8 GHz.

B. Impedance and Gain Bandwidth

Figure 2 illustrates the setup used for this part of the experiment.

Figure 2: Setup used for IF impedance measurements

A transmission technique similar to that described in [5] was used to determine the
impedance of HEB mixers by measuring the scattering parameter S21 as a function of
frequency.

One may note that all measurements of HEB impedance such as in [5], thus far have
been performed without LO power. It is obviously much more important to measure the
impedance under more realistic operating conditions and near the optimum point for mixing,
as done here 1.

The impedance characterization took place in the presence of laser illumination at a
wavelength of 194 µm (1.55 THz), while DC bias was applied to the sample through the
bias tees included in the 8510C Automatic Network Analyzer (ANA). A thru-reflect-line
(TRL) calibration technique at 4 K was performed in order to establish the reference planes
prior to completing the actual measurements [8].

The device was carefully put in place between the two microstrip launchers using a flip-
chip technique (Figure 3A). A silicon lens was used for coupling the THz LO power to the
device in a more efficient way (Figure 3B).

In order to prevent saturating the mixer with microwave power from the ANA, both the
calibration and the measurement were taken to completion with a microwave power level of
-48 dBm, which was found to be convenient for this study, since it was well below the LO
power required to suppress the superconducting state in the HEB.

1One early impedance measurement was performed with LO power applied, but in that case the LO
frequency was only 20 GHz [2].

14th International Symposium on Space Terahertz Technology

433



Figure 3: Device fixture used to measure IF small signal impedance

Results and Discussion

A. Noise Bandwidth

The critical current for this device was 420 µA. The optimum operating point (best Y-factor)
was found for V0 = 1 mV and I0 = 42 µA (R0 = 23.8 Ω).

The double-sideband receiver noise temperature, TR,DSB , was computed from the ex-
perimental Y factor and plotted as a function of frequency (Figure 4).

Figure 4: Measured noise temperature vs IF frequency

The dashed line represents the best fit to the experimental data set and the solid line
corresponds to the predicted value based on the standard model, which was computed using
fitting parameters such as the total conversion loss of the mixer, LCtot, the self-heating
parameter C = C0I

2
0 , the measured thermal fluctuation noise at the lowest IF frequency,

TflM , and the electron thermal relaxation time, τθ.
The agreement among the calculated receiver noise temperature and its experimental

counterpart is reasonable for frequencies below 6 GHz, after which the actual noise tem-
perature grows more rapidly compared to the theoretical calculation. The discrepancies
between predicted and measured values of TR,DSB above 6 GHz are attributed to changes
in the frequency response of the mixer block at low temperatures, extra parasitics not con-
sidered in the model of its impedance, as well as mismatch between components in the IF
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chain.
We can estimate the noise bandwidth from the data plotted in Figure 4, resulting in

5.32 GHz using the standard model formulae and close to 5.25 GHz using the experimental
data.

By taking the ratio of the receiver output noise power with the mixer at the optimum
operating point (DC and LO power applied), Pop, to the output noise power in the super-
conducting state (no DC or LO power applied), Psc, it was possible to use this value (often
called the U-factor, U = Pop/Psc) to predict the total conversion gain of the mixer, GC , as
well as its output noise, Tout, expressly [8]

GC =
U (Tbath + TIF )

2Tcold + 2TR,DSB
(1)

Tout =
U(TIF + Tbath)
Tcold + TR,DSB

TR,DSB − TIF (2)

where Tcold= 77 K is the temperature of a broadband blackbody noise source present at
the input of the mixer when the U-factor measurement is performed, TIF is the equivalent
noise temperature of the IF chain, Tbath= 4.2 K is the temperature of a 50-ohm load
at the matched port of the circulator and TR,DSB is the measured double-sideband noise
temperature of the receiver.

The U-factor was recorded for the same set of frequencies as shown in Figure 4, then
(1) and (2) were used to compute GC and Tout, respectively (Figure 5). The solid line in
these plots corresponds to the predicted value, estimated also from the standard model.

Figure 5: Measured conversion gain and mixer output noise vs IF frequency

There exists qualitative agreement between the best fit to the measured conversion loss
and output noise shown in Figure 5; the discrepancy between these quantities is less than
3 dB and less than 20 K throughout the band, respectively. The actual gain bandwidth is
close to 2.4 GHz.

One may note that the noise bandwidth is about 2.2 times the gain bandwidth.
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B. Impedance and Gain Bandwidth

It can be shown that the gain bandwidth of an HEB can be estimated as [5]

Be =
1

2πτθ

(
1 − C

RL − R0

RL + R0

)
(3)

The dependence of the conversion gain of the mixer on IF frequency, self-heating pa-
rameter C, as well as the electron relaxation time τθ, also holds for the IF small signal
impedance, i.e.

Z(ω) = R0

(
1 + C

1 − C

)⎛
⎜⎜⎝

1 + jω
τθ

1 + C

1 + jω
τθ

1 − C

⎞
⎟⎟⎠ (4)

Therefore, by measuring the impedance of the mixer, it is possible to fit the experimental
data to (4), obtain a suitable value for C and τθ, and then predict the gain bandwidth using
(3).

Figure 6 shows the real and imaginary part of the impedance of the sample biased at
1.5 mV and 56 µA (R0 = 26 ohm), after subtracting the effect of the microstrip feed lines
and parasitic reactances associated to the contact bumps.

The two different predictions in Figure 6 correspond to different values of C, one obtained
by fitting the measured data to (4) and one obtained from the differential slope of the IV

curve (dV/dI) at that particular point, C =
dV/dI − R0

dV/dI + R0
, as predicted from the standard

model [2]. The time-constant τθ is 47.98 ps in both cases and was obtained only using the
least-square fit of the experimental impedance to (4).

Figure 6: Measured and modelled impedance with device biased at (1.5 mV, 56 µA)

The impedance of this specimen was measured for some other quiescent points as well.
The results for different settings are summarized in Table 1. The gain bandwidth was

14th International Symposium on Space Terahertz Technology

436



Table 1: Predicted gain bandwidth for different operating conditions

V0 I0 dV/dI Gain BW
[mV] [µA] [Ω] [GHz]
0.6 14 44.7 3.6
0.6 30 27.6 3.4
1.0 23 66.2 3.3
1.0 42 38.1 3.5
1.5 56 47.5 3.3

estimated using (3) and the appropriate value for C and τθ obtained from the impedance
measurements.

Though there is previous empirical evidence that suggests that there is a bias dependance
of the IF bandwidth with bias voltage [6], our observations indicate only small changes in
the bandwidth as V0 changes. This is because we biased the device close to the optimum
point for minimum noise temperature.

The predicted bandwidths exceed that for the device used in the noise bandwidth mea-
surements. It is expected that a device on an MgO substrate should yield larger bandwidth,
as observed.

Large values of V0 would yield higher bandwidths at the expense of poor sensitivity.

Conclusions

A systematic study of the bandwidth properties of hot electron bolometric mixers has been
reported in this paper.

The noise temperature of an HEB mixer was measured using a single MMIC low-noise
amplifier based on InP HEMT transistors. This measurement allowed us to estimate the
noise bandwidth, gain bandwidth and mixer output noise with moderate accuracy. The
results are somewhat consistent with those obtained from the standard model.

The impedance of a sample mixer was characterized by means of an Automatic Network
Analyzer using a TRL calibration at cryogenic temperatures. By using the impedance data,
it was possible to predict the bandwidth of the device under test without having a tunable
THz source. The predicted bandwidth agrees with previously reported results for similar
devices.

Further experiments will improve the accuracy of the measurements and the data will
be useful for improvement of the current models of superconducting HEBs.
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ABSTRACT 

We present performance and test observation result of a sideband-separating SIS 
mixer at 100GHz band. All mixer components are integrated on a split-block waveguide 
unit. The measured single-sideband (SSB) receiver noise temperatures with L-band IF ( fc

= 1.5 GHz ) are less than 60 K in the LO frequency range of 90-115 GHz, and minimum 
value of around 35 K is achieved at 100 GHz. The image rejection ratios are more than 
11 dB in the frequency range of 90-110 GHz. We have installed the sideband-separating 
SIS mixer into an atmospheric ozone measuring system and successfully observed an 
ozone spectrum at 110 GHz in SSB mode.  

1. INTRODUCTION 

There is a strong interest in the millimeter astronomical and atmospheric community 
to operate low noise quasi-particle mixers in SSB mode in order to eliminate atmospheric 
noise in the image band during spectral line observations. SSB observations are more 
efficient not only for spectroscopic observations in one sideband, but even if spectral 
lines of interest are present in both sidebands. Therefore, wideband and tuner-less SSB 
receiver is requested for observations in radio astronomy and atmospheric radiometer. To 
meet these demands we have been developing a sideband-separating mixer. In this report 
we have demonstrated performance and test observation result of a sideband-separating 
SIS mixer at 100GHz band.

2. MIXER DESCRIPTION 

Detailed structure of a split-block waveguide unit for our sideband-separating mixer 
is shown in Fig. 1. We adopted W-Band waveguide (2.54 x 1.27 mm) for our waveguide 
unit. The basic design of the sideband-separating SIS mixer is similar to that described by 
Claude et al.[1]. The split-block waveguide unit contains an RF quadrature hybrid, two 
LO directional couplers, a LO power divider, and 4 K cold image terminations. We also 
integrated two DSB mixers on the split-block waveguide unit through the waveguide 
taper transformer. Note that no LO power is reflected back into another mixer in the case 
of ideal quadrature hybrid, since most of LO power reflected at a mixer is transmitted to 
the 4 K load and the feed horn through the RF quadrature hybrid. The IF signals from the 
two DSB mixers are combined in a commercial quadrature hybrid (Anaren Microwave, 
Inc.). For the initial experiment, we have chosen an IF of 1.0-2.0 GHz suitable for the 
existing atmospheric ozone measuring system at Osaka Prefecture University.  

More detailed information is written in ALMA MEMO 453 [2]. 
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Fig. 1. Configuration of the split-block waveguide unit. The split-block waveguide
contains two DSB mixers, an RF quadrature hybrid, two LO directional couplers, a LO 
power divider, and 4 K cold image terminations.

3. RESULT 

3.1. Receiver Performance

The overall receiver noise temperature (SSB) of the receiver (including noise 
contribution of the vacuum window, feed horn, and IF amplifier chain) is plotted in Fig. 2
(a). The measured SSB receiver noise temperatures are less than 60 K in the LO 
frequency range of 90-115 GHz, and minimum value of around 35 K is achieved at 100 
GHz. The measured sideband rejection ratio is plotted in Fig. 2 (b). The image rejection
ratios are more than 11 dB in the frequency range of 90-110 GHz.
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Fig. 2. (a) SSB receiver noise temperatures and  (b) sideband-rejections as functions of 
frequency.
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3.2. Observation 

We have installed the sideband-separating SIS mixer into the atmospheric ozone 
measuring system at Osaka Prefecture University. The atmospheric ozone spectra 
obtained with DSB and SSB (USB) receiver system are shown in Fig. 3. It is noted here 
that the brightness temperature of the ozone spectrum observed in SSB mode is just twice 
of that observed in DSB mode as expected. 
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Fig. 3. Atmospheric ozone spectra obtained with DSB and SSB receiver system.

4. CONCLUSION

We have demonstrated performance and test observation result of a sideband-
separating SIS mixer at W-band. We integrated all mixer components on the split-block 
waveguide unit, which contains two DSB SIS mixers, an RF quadrature hybrid, two LO 
directional couplers, a LO power divider, and 4 K cold image terminations. The measured
single-sideband (SSB) receiver noise temperatures with L-band IF ( fc = 1.5 GHz ) are 
less than 60 K in the LO frequency range of 90-115 GHz, and minimum value of around
35 K is achieved at 100 GHz. The image rejection ratios are more than 11 dB in the
frequency range of 90-110 GHz. We have installed the sideband-separating SIS mixer
into an atmospheric ozone measuring system and successfully observed an ozone 
spectrum at 110 GHz in SSB mode. This experimental result indicates that the sideband 
separating SIS mixer is very useful for astronomical observation as well as atmospheric
observation.
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Abstract

We have designed and fabricated 660GHz parallel-connected-twin-junction mixer for 

SMA. The receiver noise temperature, Trx, is around 200K with a wire grid of 80% signal 

coupling. However, some mixers have poor performance when an anomalous IF peak 

beyond the junction’s gap voltage is observed. In this paper, we will discuss the origin 

and influence of this IF peak. 

Corresponding author: Ming-Jye Wang 

Phone : +886-2-3655-2200 :Email : mingjye@asiaa.sinica.edu.tw

We have designed and fabricated parallel-connected-twin-junction 660GHz SIS 

mixers. Typically the receiver noise of these mixers is near 200K[1]. However, some 

junctions have poor performance although their junction’s parameters are similar. The LO 

pumping of these mixers are difficult and the receiver noise temperature can be worse 

than 1000 K. It is important issue to understand the reason causing the poor performance 

for future design and fabrication.  

Since the junction parameters are similar for good and poor performance mixers. 

Some important effects might be missing in regular measurement. Thus, we measured the 

junction’s I-V curve and mixer’s IF response to high bias voltage, up to 17mV, as shown 

in Figure 1(a). Anomalous IF peaks are observed, an indication of the non-linearity in 

junction’s I-V curve. The peak position shifts to higher voltage as the temperature 

decreases. Figure 1(b) shows the temperature dependence of corresponding current of IF 

peak. The data (solid square) can be fitted by a formula of IC ~1-(T/TC) where TC is 9.2 

K and  is 4.6. In addition, not shown here, the IF peak position is modulated by an 

external magnetic field. Both temperature and magnetic field dependence indicate the 

existence of unintentional weak-link junctions in series with the SIS junctions. 
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To understand the origin of this unintentional junction, the cross section structure of 

junction with good and poor performance is studied by TEM. A regular contact between 

top and wiring Nb is observed in the junction with good performance, as shown in Figure 

2(a). On the contrary, the contact area is small in the junction with poor performance, 

Figure 2(b). Most area on the top Nb seems filled by the fragments of insulating oxide. 

The contact area is estimated to be 0.15 m in diameter. This small contact behaves as an 

unintentional weak-link junction. The oxide fragments might fall into the contact hole 

during the oxide lift-off process.  

We have found that the 660-GHz SIS junctions showing the IF-peak structure are 

usually difficult to be pumped by LO signals, thereby giving high receiver noise 

temperature. Obviously, such additional weak-link junctions might absorb a fraction of 

RF/LO signal power and result in poor mixer matching. As exhibited in Fig. 3(a), the 

Good contactGood contact
Small area contactSmall area contact

Fig. 2 Cross-sectional views of (a) good contacting junction and (b) poor contacting junctions

Figure 1 The anomalous IF peak beyond junction’s gap voltage, (a) IF peak at different temperature and

(b) temperature dependence of corresponding current of IF peak.    
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testing result for a mixer demonstrates that the mixer performance (Y-factor) is dependent 

upon the magnetic field applied to the SIS junction, which changes the position of the IF 

peak correspondingly. Fig. 3 shows the receiver noise temperature of five mixer samples, 

which have different IF peak positions. Obviously, the receiver noise temperature is 

strongly dependent upon the position of the IF peak, differing from ~200K to >2000K. 

The higher voltage the IF peak occurs at, the lower receiver noise temperature the 

junction demonstrates.  

In summary, an anomalous IF peak at high bias voltage region is observed in our 

660-GHz SIS mixers when their performance is poor. The cross section structure of 

junction shows that some insulating oxide fragments might fall on the top Nb layer 

because of imperfect lift-off process. It reduces the contacting area between top and 

wiring Nb and an unintentional weak-link junction is formed. The existence of this 

unintentional weak-link junction will result in (1) the absorption of RF signal, and (2) the 

change of the mixer RF impedance. We have demonstrated the correlation between 

junction’s IF peak position and mixer’s performance. The performance becomes better 

when the IF peak is observed at higher bias voltage. In practical operation, the mixers 

with IF peak can be screened by checking the linearity of junction’s I-V curve at high bias 

voltage.  
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Abstract

We describe the current status of the HIFI mixer units for Band 3 and Band 4. The mixer 
units cover the 800-960 GHz and 960-1120 GHz frequency range and have a 4-8 GHz IF 
frequency band. The major requirements and the performance status are presented. 

1. INTRODUCTION 

The Herschel Space Observatory (launch date 2007) will fly two cameras/medium 
resolution spectrometers (PACS and SPIRE) and the heterodyne instrument HIFI [1,2,3]. 
An international consortium led by the PI institute, SRON, is building HIFI. SRON is 
also responsible for the development of the mixer units for band 3 (800-960 GHz) and 4 
(960-1120 GHz)[4]. Each of these bands contains two tunerless waveguide mixers (to 
measure both orthogonal polarizations) with a 4-8 GHz IF band. The mixer unit 
development program is currently in the Qualification Model phase, in which extensive 
environmental testing will prove the flight worthiness of the units.  In this paper we 
present the current status of the mixer unit design and the performance.  

2. REQUIREMENTS 

A summary of the design drivers for the mixer units is given in Table 1. The two main 
requirements for the instrument are reliability and sensitivity. Note that the challenging 
goal sensitivities of the mixer units given in Table 1 are the sensitivities of the mixer unit 
only, without noise contributions from the optics and IF.

3 PERFORMANCE STATUS. 

The current design of the mixer unit is shown in Fig. 1. 
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Figure 1 Front and backside view of an assembled mixer unit

The heterodyne elements in the mixer units are Nb/Al2O3/Nb SIS twin junctions with Al 
and NbTiN top and bottom wiring layers, respectively. The devices are fabricated at 
DIMES [5,6]. For band 4 we currently use NbTiN films grown at the Jet Propulsion 
Laboratory by J. Stern. Some typical receiver DSB Noise Temperatures versus RF 
frequency of band 3 and 4 mixer units are shown in Fig. 2. The figure shows noise
measurements performed at 2 K with both a thin (14 m) and thick (55 m) mylar beam
splitter, and the expected performance within the HIFI instrument . The noise temperature
is measured with the full 4-8 GHz IF-band. The measured receiver noise temperature for
the thin beam splitter measurement ranges from 240 to 750 K DSB, but the receiver noise 
temperature in HIFI will be considerable lower (by approximately 100 K) than inour 
laboratory receiver, since HIFI will operate with a cold diplexer and LO and without heat 
filters in the signal path.

Tmix DSB Band 3 Band 4 

Frequency 800 GHz 960 GHz 960GHz 1120 GHz

Baseline 119 K 158 K 158 K 190 K 

Goal 99 K 129 K 129 K 151 K 

Sensitivities, excluding contributions from IF chain and optics losses

•Withstand shelf life, bake-out, launch and in-orbit operation  (9 years) 
•Mass < 75 grams
•Envelope 32x32x45 mm 
•IF range 4-8 GHz, ripple < 2dB/1 GHz 
•De-flux heater operating at current < 20 mA 
•Magnet current  < 10 mA for second minimum in the Fraunhofer pattern
•Beam quality

•Optical alignment tolerances (goal): x,y: 42 m, tilt 0.2°
•ESD protection, EMC shielding
•Bias circuit isolation > 30 dB in IF range

Table 1 Summary of the main requirements of the HIFI band 3 and 4 mixer units
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Figure 2 DSB receiver noise temperatures at 2 K measured with a thick (55 m, upper curve) and thin (14
m ) beamsplitter of band 3 and band 4 mixer units. Data  above 922 GHz is measured with the band 4

mixer unit (two different devices). The lower curves indicate the predicted performance for the case of
zero optical loss.
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Abstract

We present the design of a Single Side Band (SSB) SIS mixer covering the band 129-
174GHz. A reactive termination is used to reject the image sideband. We discuss the 
problems posed by the requirements of SSB operation, stability, wide IF band (3.85-7.85 
GHz), and the design solutions that were adopted. 

Introduction. A stability criterion for an SSB SIS mixer with distinct signal and image 
termination impedances under typical operating conditions has been derived for the band 
129-174 GHz using the standard quantum theory of mixing. One of the most significant 
design issues is to achieve SSB operation over a wide tuning range, while ensuring stable 
operation in all cases according with the derived criterion. A series array of N=2 SIS 
junctions has been preferred to a single junction design to increase the saturation power 
of the mixer, which scales approximately as N2.

Waveguide and transition to Suspended Substrate Microstripline (SSL). We use a WR6 
full-height waveguide (1.651 0.825 mm2), which is easier to fabricate and has lower loss 
than a reduced-height waveguide. The wideband transition to SSL (quartz thickness and 
width 160 m and 500 m, respectively) is similar to the one adopted in a previous work 
[1], properly rescaled and further optimized using a numerical EM simulator. This is 
based on a probe (and quartz substrate) stretching only part way inside the waveguide 
with the substrate perpendicular to the waveguide axis (see Figs.(1) -(2)).

A choke type noncontacting backshort with rectangular cross-section can be displaced 
inside the waveguide. It has been optimized to provide a large amplitude of reflection 
coefficient (above –0.03 dB) over the 129-174 GHz band taking into account of 
mechanical tolerances. For a given position, it provides a good match to a ~75 
impedance at the single-ended probe driving point. Image rejection is achieved by 
adjusting the backshort so that, simultaneously, an optimum match is achieved at the 
signal frequency, while a reactive termination is presented to the junctions at the image 
frequency. With a central IF frequency of 5.85 GHz, the required backshort distance from 
the antenna plane necessary to fulfill such condition is of the order of  lBS 5 mm. The 
mixer can also be operated in DSB with a fixed backshort position close to the antenna 
plane at a distance of g/4 0.5 mm.   

RF and IF Matching Circuits. Each of the two Nb/Al-AlOx/Nb junctions has an area of 
1.6 1.6 m2, a critical current density of  4 kA/cm2 (Cs 58 fF/ m2), and a normal state 
resistance of Rn=25  ( RnC 3.5). The top contacts of the tunnel barriers are located 
inside a short section of an electrically isolated rectangular pad on a Niobium layer 430 
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nm thick. RF currents from the antenna gets to the junctions flowing from a bottom 
Niobium strip (120 nm thick) connected to the pad (see bottom of Fig.(2)). The short 
length (18 m) of the isolated rectangular pad allows to minimize the series inductance of 
the array ( 6 pH) so that its total RF reactance is still dominated by the total intrinsic 
capacitance of the junction series C 75 fF. A parallel tuning inductor (9 pH), realized as 
a short section of coplanar waveguide (CPW) terminated into a short circuit through a 
16 16 m2 junction via, allows to tune out the reactive part of the series combination of 
the SIS array with a capacitive stub. Such a stub provides a ground for the RF and a path 
for the IF output and junction bias through a two sections RF choke connected to it. Each 
section of the choke is realized as CPW followed by a microstrip capacitor, and is 
designed to present a high RF impedance to the junction array. The resulting impedance 
of the tuned SIS series array is matched to the 75  antenna using a two section 
impedance transformer consisting of a short inductive CPW section ( /20) followed by 
a short capacitive microstrip section ( /40).

To achieve the required 4 GHz IF band, the intrinsic capacitances and inductances of the 
chip have been kept to a minimum value. An IF matching circuit external to the chip has 
been designed to present a real part of the load impedance as seen at the junction port in 
the range 50-80  over the 3.85-7.85 GHz IF band.

The mixer has been optimized using various electromagnetic simulators. 

Mixer block construction. The main mixer block (25 25 20 mm3) is split in two parts 
which will be made of brass to allow easy machining (see Fig.(3)). The rear mixer block 
houses the mixer chip and the copper-beryllium backshort. The rectangular waveguides 
will be realized by spark erosion technique, while the other parts require standard 
micromachining process. 

Predicted performances. The final result of simulation for the impedance seen by the 
junctions when the mixer is operated in SSB mode (ex. LSB 149 GHz, backshort at 5.6 
mm from the antenna plane) is shown in Fig.(4). At intervals of 2 IF=11.70 GHz, the 
junction sees alternately an approximate match and a reactive termination which is 
confined in the derived stability region. The quantum theory of mixing is used to 
compute the mixer and receiver noise temperatures. The results are shown in Fig.(5) (we 
have assumed a noise temperature of the IF amplifier of 6 K; input losses are not taken 
into account). A receiver noise below 15 K (quasi-SSB, image gain less than –14 dB) is 
estimated over the operating band of the mixer. 

Conclusions. A new type of SSB SIS mixer has been designed for the 129-174 GHz 
frequency band of the new generation receiver of IRAM PdBI. The mixer chip includes a 
series array of two junctions and has been designed with low output capacitance and 
inductance to cover an IF band of 4 GHz. The mixer can achieve low noise and image 
band rejection while maintaining stable operation over the whole RF band.
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Abstract: In this paper, the embedding impedance of a 660-GHz waveguide SIS

(superconductor-insulator-superconductor) mixer is investigated using a 100-times scaled model with a 

new 3-standard de-embedding technique. The mixer embedding impedance is extracted from the reflection

coefficients measured at the waveguide port of the mixer for three different terminations at the SIS 

junction’s feed point. The three standards chosen are open-circuit, short-circuit and resistive load. Measured

results are compared with those simulated by HFSS (High Frequency Structure Simulator).

1. Introduction

For the design of fixed-tuned waveguide SIS mixers in the submillimeter regime, it is necessary to

have a precise knowledge of the mixer embedding impedance (i.e., the impedance seen at the junction’s

feed point). Embedding impedances have been determined using scaled-model measurement [1] or 

numerical methods [2]. The conventional scaled-model method measures the embedding impedance

directly via a miniature coaxial connected to the junction’s feed point. The accuracy of this method is 

limited by the model accuracy of the coaxial probe’s tip. Numerical methods that derive impedances from

the pumped I-V curves of SIS junctions depend largely upon junction parameters. Full-wave

electromagnetic solvers, like HFSS, have been used to model a few submillimeter mixers [3]. However, it

is important to have experimental confirmation of simulated data.

In this paper, we propose a new scaled-model measurement method, which incorporates a 3-standard

de-embedding technique [4]. This technique extracts the scattering parameters of a two-port network from

the reflection coefficients measured at one port when the second port is terminated with 3 different

impedance standards. Using this new method, we have

determined the embedding impedance of a 600-720

GHz waveguide SIS mixer mount [5] with a 100-times

scaled model. The measured impedances are then

compared with those simulated by HFSS. 

2.  Measurement method

Fig. 1 shows the fabricated 100-times scaled model.

Its operating frequency was 6.0-7.2 GHz scaled down

from 600-720 GHz. The crystalline quartz substrate was

replaced by a 4-mm thick dielectric slab ( r~3.5), and

the junction’s feed point was scaled to a gap (0.2x1

mm). In our measurements, the feed point was

connected to 3 different calibration standards:

Fig. 1 100-times scaled model for a 660-GHz

waveguide SIS mixer mount, (a) overall view

of the model, (b) photograph of the dielectric

slab used inside the model
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open-circuit, short-circuit and resistive load given by chip resistors (0.5x1 mm). A waveguide-to-coaxial

transition was included to interface to a microwave network analyzer.

First, we measured the complex reflection coefficients at the coaxial port of the waveguide-to-coaxial

transition, while its waveguide port was shorted. Let m (m=1, 2, 3) be the measured reflection coefficients

corresponding to 3 different short circuit planes, and [S t] the scattering matrix of the transition. The

relation between m and [S t] is 

m
t

m
ttt

m RSRSSS 22211211 1/ ,                                              (1)

where Rm is the complex reflection coefficient of the waveguide short circuit m at the waveguide port. [S t]

can be easily solved using Equation (1) [4].

Next, we connected the transition to the scaled mixer block and the complex reflection coefficients

were measured again at the coaxial port of the transition while the device feed point was terminated by the

three calibration standards. Let i be the measured complex reflection coefficient when the junction’s feed 

point was terminated by calibration standard i, where i = o (open), s (short) or r (resistive). Let i’ be the

corresponding reflection coefficient at the mixer’s waveguide port when the port was terminated by a

matched load instead of the transition. The relation between i’ and i is 

tt
i

ttt
ii SSSSS 2211211211

' /     (2)

The embedding impedance Zemb at the device feed point can be solved in terms of i’

'''' / srroremb ZZ         (3)

where Zr is the impedance of the chip resistor at the measured frequency.

Equation (3) shows that the derived embedding impedance is directly proportional to Zr. It is therefore

very important to know the accurate value of this impedance. We have measured the actual impedances of

these chip resistors in a separate experiment setup.

3. Measurement results

The impedances of three chip resistors, whose nominal resistances are 24, 51, and 100 , were

measured with a microstrip fixture (0.5 mm thick and 1.2 mm wide) having a 1-mm gap at its center where

the chip resistor was to be soldered. Time-domain gating technique was employed to remove the

discontinuity effect due to SMA connectors to microstrip line [6]. The loss and phase shift of the microstrip

Fig. 2 Measured impedances of three chip

resistors.
Fig. 3 Measured embedding impedance of the

100-times scaled model for three instances.
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line were also compensated. The measured impedances for the three chip resistors are plotted in Fig. 2. 

Obviously, the chip resistors have resistances close to their nominal values, but all have a considerably 

large positive reactance in the frequency range of 6-14 GHz. The larger the nominal resistance is, the 

smaller the measured reactance becomes. In addition, the measured reactance is proportional to frequency, 

suggesting that there is a series parasitic inductance. 

The waveguide-to-coaxial transition had been designed with the aid of HFSS by optimizing its power 

trans

ermine the embedding impedance of the scaled 660-GHz 

SIS m

-model measurement method incorporating the 3-standard de-embedding technique has 

been

isanen, W.R. McGrath, et al, “Scaled model measurements of embedding impedances for 

2. particle 

3. Pittsburgh, 

4. ry and Theodore Van Duzer, Fields and Waves in Communication 

5. ixer for SMART,” in Proc. 

6. ding Method Using an 

mission coefficient in the frequency range of 6.0-7.2 GHz. Using the procedure described above, we 

have measured the scattering parameters of the transition. It has been found that the measured S12
t values 

are in good agreement with the simulated ones.  

Equations (2) and (3) were then used to det

ixer. Three sets of data were available, one from each chip resistor. The results are plotted in Fig. 3. 

The embedding impedances, both real and imaginary parts, are in good agreement for the three instances. 

The dispersion of the 3 data sets is less than 7 averaged across 6.0–7.2 GHz. The embedding impedance 

simulated for the same structure by HFSS is also displayed in Fig. 3. Clearly, the simulated resistance 

differs slightly from the measured one and the simulated reactance shows better agreement with the 

measured one.   

4. Summary 

A new scaled

 employed to characterize the embedding impedance of a 660-GHz waveguide SIS mixer. The 

impedances of the chip resistors used in our scaled-model measurement were accurately measured using the 

time-domain gating technique. By comparing the data dispersion between embedding impedances derived 

from different calibration standards, we infer that the measured impedances are accurate to within 7 .

These measured embedding impedances also agree with the numerically simulated ones. The new 

scaled-model method is very useful for the characterization of submillimeter mixer mounts. 
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Abstract

Performance of superconductor – insulator - superconductor (SIS) tunnel junction mixers and 
their instantaneous input RF bandwidth are mostly depending on the integrated tuning circuit 
used to resonate out SIS junction capacitance; Nb-based SIS mixers operate in the frequency 
range of about 80 - 1000 GHz and typically use microstrip-based integrated tuning circuitries.  
One of the major challenges in designing the tuning circuitry for SIS mixers is accuracy of 
models for superconducting microstrip line (SML).  Modeling gives the only tool to solve the 
problem of designing SML-based circuits because for such high frequencies no direct 
measurements of a superconducting transmission line can be made with required high accuracy.  
However, creating an accurate model for such a superconducting transmission line is a challenge 
by itself.  In the SML, produced usually by thin-film technology, the magnetic field penetration 
depth is comparable with the thicknesses of the dielectric and superconductors comprising the 
line.  As a result the electromagnetic wave is propagated not only in the dielectric media but also 
inside the superconducting strip and ground electrodes constituting the SML.  This creates 
dramatic changes in the transmission line behavior that should be carefully accounted by 
including the superconducting material properties into the modeling.  Nb superconductor, as the 
most commonly exploited material, was used in this study for modeling of the superconducting 
microstrip though the same approach would work for any different BCS superconducting 
material.  The purpose of this paper is to introduce a new model for SML and compare it with 
previously suggested models and results of SML numerical simulation. 

Introduction

Superconductor – insulator - superconductor (SIS) tunnel junction mixer is a dominating 
technology for MM and SubMM super heterodyne receivers for radio astronomy [1-3].  Presence 
of large intrinsic capacitance makes use of SIS-based mixers at these extremely high frequencies 
(80-1000 GHz) problematic; employing of an integrated tuning circuitry to resonate out SIS 
junction capacitance is the most convenient way to achieve ultimate performance and wide 
operational frequency band.  Typical approach for implementing such a tuning circuitry is to 
integrate it on the substrate and fabricate it in the same processing steps as the SIS junction itself.  
The resulting tuning structures are typically a microstrip-based circuitry; the microstrip is a 
natural choice due to its complete compatibility with the SIS fabrication process, low RF loss 
and flexibility.  As a result of this approach the SIS mixer tuning circuitry is being fabricated 
using thin-film technology and superconductors for the microstrip conductors.  Accuracy of 
modelling for a superconducting microstrip line (SML) introduces one of the major challenges in 
design of tuning circuitry for the SIS mixers.  The purpose of this article is an introduction of a 
new model for SML and its comparison with previously suggested models [4 - 8] and 
numerically simulated SML using 3D electromagnetic simulation package.  The frequency range 

                                                          
† belitsky@oso.chalmers.se 

14th International Symposium on Space Terahertz Technology

456



of interest is 80 - 1000 GHz; experimental direct measurements of a superconducting 
transmission line at this frequency range are extremely challenging technically (the object of 
measurement is in a cryostat at 4 K ambient temperature) and cannot provide necessary precision 
required for accurate design.  In the SML, produced by thin-film technology, magnetic filed 
penetration depth is comparable with the thicknesses of the dielectric and the conductors of the 
line and this produces radical changes in the transmission line performance.  The energy stored 
in the layers of the superconducting strip and ground electrodes, where H-filed penetrates in, 
becomes comparable with the energy of the electromagnetic wave propagating in the dielectric 
and affects performance of the SML.  Therefore, besides the geometry, the modelling of the 
SML should involve accurate simulation of the superconducting material properties and its 
influence on the SML characteristic impedance and the propagation constant. 

Superconducting Microstrip Transmission Line 

SML has a conventional microstrip transmission line geometry (depicted in Fig. 1) with both 
strip and ground conductors made of a superconductor material.  RF and DC current conductivity 
in the superconducting materials is provided by paired electrons, Cooper pairs, and single 
electrons, quasiparticles, produced by thermal excitations or by breaking the Cooper pairs caused 
by the propagating RF signal with its corresponding energy of quanta.  In this article we will 
consider the line strip and ground planes made of low-Tc  BCS1 superconducting materials.  Nb 
superconductor is used in the model calculations through the whole paper as a material the most 
widely used for superconducting thin-film technology. 

Figure 1.  Schematic view of the superconducting microstrip line.  The strip conductor thickness, ts, ground 
conductor thickness tg and the dielectric thickness h considered to be comparable with the static penetration depth of 
magnetic field, o, while the widths are as following Wground>> Wdielectric>>W. 

The existing SML models [4 - 8], including the one being suggested in this paper, provide 
different ways for calculating the characteristic impedance and propagation constant for 
superconducting microstrip line; close formula equations based on conformal mapping or 
approach based on transmission line lump element circuit and/or superconductor surface 
impedance are used in the SML modelling.  We are interested in the microstrip lines where the 
dielectric thickness is comparable with magnetic field penetration depth, the London penetration 
depth, o, as well as with the thicknesses of the strip and ground superconductors forming the 
line.  These particular relations between the strip, ground and dielectric thicknesses reflect 
typical geometry of the superconducting microstrip line produced by a thin-film technology used 

                                                          
1 BCS Theory:  J. Bardin, L.N. Cooper, J.R. Schrieffer, “Theory of Superconductivity”, Phys. Rev. 1957 
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for, e.g., SIS mixer fabrication [9, 10].  In this article we compare the accuracy of different 
models for calculations of the line characteristic impedance, propagation constant and its 
dispersion.  Additionally we use a numerical simulation with High Frequency Structure 
Simulator, HFSS [11], representing the superconducting material conducting properties via its 
surface impedance as proposed in [12]. 

RF Conductivity of a Superconductor 

In contrast with conventional conductors, the DC and RF currents in superconducting materials 
are carried mainly by dual-electron carriers, Cooper pairs, without any conducting loss (super-
current); a lossy part of the current is carried by quasiparticles (single electrons) generated by 
thermal excitations and interaction of electromagnetic field and the Cooper pairs.  The presence 
of energy gap in the electron density of states, (T) (e  1.5 mV for Nb material), limits the 
ability of the Cooper pairs in superconductors to carry the RF current at frequencies closer to the 
gap frequency, Fg=2e /h, where e is the electron charge, h is the Plank’s constant and Fg is the 
gap frequency; above Fg the conducting properties of the superconductor become close to that of 
a conventional conductor. 

The magnetic component of the field penetrates into superconductor within a characteristic depth 
defined as the static London penetration depth, o, for DC current.  Actual magnetic field 

penetration depth,  has noticeable frequency dependence for frequencies even well below the 
gap frequency and, as the frequency approaches the gap frequency of the superconducting 
material,  becomes highly frequency dependent [13 - 15].  The microstrip line with 
superconducting electrodes becomes material-dispersive, and above the gap frequency the line 
has increased losses [16, 17] due to breaking of Cooper pairs and an increased appearance of 
conducting loss in the strip and ground electrodes. 

The Mattis – Bardeen theory [18] of the skin anomalous effect describes the behaviour of a 
superconductor vs. frequency in terms of complex conductivity :

1 j 2    (1), 

where the real and the imaginary components,
1
 and

2
, translate directly into the normal-

electron and Cooper-pair currents in a superconductor.  The applicability of the Mattis - Bardin 
theory to specific superconducting materials is discussed in [16, 17].  In integral form the 
equations for 

1
 and

2
 are as the follows [16]: 
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and
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, 2/12222

22
2 df
n

 (3), 

where T is the temperature [K], n is the conductivity of a superconductor just above the critical 

temperature Tc, (T) is the energy gap parameter [eV], f( )=1/(1 + exp( / kT)) is Fermi 
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function, f is the angular frequency, k is Boltsman’s constant and  is the reduced Plank's 
constant.  The first integral of 

1
 represents conduction of thermally excited normal electrons, 

while the second integral of 
1
 introduces generation of quasiparticles by incoming radiation.  

The lower limit on the integral for 
2
 becomes -  when the frequency exceeds the gap frequency. 

To complete the description of a superconductor we need the relation between the physical 
parameters of a superconducting material [16]: 

o
o n

 (4), 

where o is the permeability of vacuum.  The specific surface impedance Zs per square (unit 

area) of the superconducting film with thickness d is expressed as follows [16]: 

jXRdjjZ oos ))coth(()()( 2/12/1   (5). 

For magnetic and electric field penetration depths,  and r respectively, we then can write the 
follow expressions [17]: 

o

X
 (6),  

o

r

R
 (7).

The equations (1-6) describe the behaviour of the magnetic field penetration depth vs. frequency 
and the equations (1-5, 7) give the skin depth vs. frequency dependence. 
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Figure 2. 1 (solid line) and 2 (dot line) components of 
Nb superconducting film, calculated based on Mattis-
Bardin theory.  In the modelling the Nb material 
parameters were used as follows: 

n = 1.739 x 107 [ -1m-1], Tc = 8.1 [K], o = 8.5x10-8

[m]; the calculation was made for 4 K physical 
temperature.
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field correspondingly for Nb superconducting film, 
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modelling the Nb material parameters were used as 
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gap frequency, the magnetic field penetration depth, 
is about 5% larger than the static London penetration 
depth, reaching maximum of about 1.47 o.
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References [13, 19] present approximation for the frequency dependence of the magnetic 
penetration depth in a close-form equation.  Concluding, the dispersion in a superconducting
microstrip transmission line has two different contributions, i.e., the modal dispersion as in any 
conventional microstrip line and dispersion due to the frequency dependence of the 
superconducting material properties. 

Microstrip Superconducting Line Models with Uniform EM Field 

Swihart [20] analyzed the SML for the case of uniform electromagnetic field across the 
dielectric, i.e., with Wground >> W >> h (see Fig. 1) and found solution for the Maxwell equations 
in that case, with the line characteristic impedance and the propagation constant expressed as the 
follows*:

5.0
)coth()coth(
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1     (9a), 

where o is the free space wavelength, ZP and P are the characteristic impedance and the wave-
factor of the line with the same geometry, uniform field distribution and made of a perfect 
conductor, the rest of the parameters in the equations (8, 9) and (9a) are dimensional parameters 
of the superconducting microstrip line (Fig. 1). 

The equations (8) and (9) have a very simple physical interpretation: the electromagnetic field 
penetrates in the strip and ground superconducting electrodes of the microstrip transmission line 
at the effective depth of o, the London penetration depth, extending the thickness where the 
electromagnetic wave propagates beyond the thickness of dielectric, h, into the both 
superconductors.  Similar approach to a microstrip line made from a normal conductor with the 
dielectric thickness comparable with the skin depth of the strip and ground conductors is 
presented in [21].  Swihart solution assumes that the magnetic field penetration depth is the static 
London penetration depth, o, independent on the frequency of the electromagnetic wave 
propagating inside the microstrip line. 

With the same assumption about the field uniformity in the SML, Kautz [16] has applied the 
theory of Mattis and Bardeen, taking into account that the behaviour of the superconducting 
material depends on frequency and, at frequencies close to the superconducting material gap 
frequency, the conducting properties of the superconductor are described by anomalous skin 
effect with surface impedance of the superconductor presented via complex conductivity.  The 
SML impedance, the propagation constant and loss were calculated for a wide band of 
                                                          
* Here and through the entire paper we assume that the strip and ground electrodes are made from the same type of 
superconducting material. 
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frequencies.  However, the both models neglect the fringing component of the electromagnetic 
field, which contributes substantially giving error up to 30% of the line characteristic impedance 
and the wave propagation constant in practical SML. 

Line Models Including Fringing EM Field and a New SML Model 

The behaviour of a superconducting microstrip transmission line taking into account fringing 
fields was analyzed by a number of authors [4 - 8].  Two approaches are used to obtain 
characteristics of the superconducting microstrip line.  The first approach is, as for a 
conventional microstrip, a solution of Maxwell equations for given geometry and boundary 
conditions, using e.g., conformal mapping [7], and, as a result, deriving close form equations for 
SML impedance and wave-propagation factor.  Another approach to obtain the impedance and 
the wave propagation factor in SML uses surface impedance of the superconductors comprising 
the line, derived by employing the Mattis-Bardin theory, and include this impedance in the 
calculations of the line characteristic impedance and the wave-factor via taking into account 
geometry factor, i.e., the RF current distributions in the strip and ground electrodes, e.g., in [5, 6, 
8].  Interestingly, the result obtained by Swihart, who assumed the uniform field, shows that the 
superconducting material contribution is factorized in a form of a multiplier for both the 
characteristic impedance and wave-factor, equation 8, 9 and 9a, compare to a perfect-metal based 
line; similarly for the SML with negligible loss and the fringing field, taken into account, the 
factorizing takes place as well, e.g.,  [8]. 

In order to introduce a new model for the SML we would like to consider the influence of a 
superconducting material on the characteristic impedance and the propagation constant of a 
superconducting transmission line via analyzing a lump model equivalent circuit of transmission 
line, depicted in Figure 4.  Let us assume a microstrip transmission line using a perfect conductor 
with radiation and dielectric material losses being negligibly small.  The line equivalent 
parameters, L and C, take into account the geometry and the fringing field.  Similar circuit can be 
used for SML, having the same geometry, with additional circuit components describing the 
superconductors, Fig.4 (2). 

Cdx

Ldx

Cdx

Ldx Zssdx

Z
sg

dx
Cdx

Ldx L(SB2-1)dx

1 2 3

Figure 4.  Equivalent circuit of a short piece, dx, of a lossless microstrip transmission line (1) made of a perfect 
conductor: L is inductance and C is capacitance, per unit of length extracted using, e.g., [22].  Equivalent circuit for 
dx long superconducting transmission line (2 & 3): L is inductance and C is capacitance (the same as for the perfect 
conductor line) per unit of length.  Zss and Zsg are impedances of the strip and ground respectively, per unit of length 
describing contribution of the superconductor. 

If the frequency of the electromagnetic wave propagating through the line is well below the gap 
frequency (about 650 GHz for Nb material used as example here) the RF conducting loss in the 
superconductor is negligible (Fig. 3), thus the impedances Zss and Zsg should be pure imaginary 
and inductive.  Representing these impedances, Zss and Zsg, as a product of the specific line 
inductance impedance, L, we can write the follows: 
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)1(, 2SBLZZ sgss   (10), 

where SB represent a correction factor for the specific inductance of the perfect conductor line 
and comprises both geometrical [23] and superconducting material contributions.  Calculating 
the characteristic impedance and the wave factor of the transmission lines represented in Fig. 4 
and taking into account that the series impedance and shunt admittance of the transmission line 
in Figure 4, (1), are Z= L and Y= C and correspondingly Z= L+(Zss+Zsg) and Y= C for SML 
for the equivalent circuit shown in Figure 4, (2 & 3), we arrive to the following equations: 

for the perfect conductor microstrip line the characteristic impedance ZP and wave factor P

are:

LCLCand
C

L

C

L
Z PP

2  (11); 

for the superconducting microstrip line the characteristic impedance ZS, taking into account 
equation (10): 

PS ZSB
C

L
SB

C

SBLL
Z

)1( 2

    (12), 

and the wave-factor S:

Ps SBLCSBLCSBCSBLL 222 ))1((   (13), 

where L and C are the equivalent inductance and shunt capacitance of the line based on a perfect 
conductor.

The correction factor SB depends, in general, on: i. the surface impedance of the strip and 
ground electrodes constituting the microstrip line, see equations (1 - 5),  ii. the geometrical factor 
of the field penetration including the RF current distribution effects and the fringing field. 

G. Yassin and S. Withington [7] introduced a penetration factor, , that is a parameterized H-
field penetration in the superconductors of microstrip line and is a function of the line geometry.  
The calculations of , made in [7] for different geometries of the SML (Fig. 5), show that when 
the SML strip conductor is relatively thin, ts/h < 0.1, and narrow, W/h < 7, the penetration factor 

 is larger than unit, indicating difference in the field penetration compare to the case of the 
uniform field distribution when  1. 

Practical considerations and limitations of thin-film technology narrow and constrain the range 
of attainable SML geometries.  In case if no planarization process is used for fabrication of SML, 
e.g., Nb-material based transmission line with SiO or SiO2 dielectric, we should consider 
appearance of steps with the height equal to the thickness of the dielectric layer; in order to avoid 
physical and electrical breaks in the strip conductor the latter should be thicker than the height of 
the step. 

Taking into account RF conducting properties and the H-field penetration depth, the follow 
empirical formula can be introduced for obtaining the strip thickness, ts, for a given dielectric 
thickness h: 

os ht )0.2...5.1(   (14). 
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Figure 5  from the ref. [7].  The penetration factor  is shown as a function of normalized strip width for various 
strip thicknesses: t/h = 1.0, 0.5, 0.1, 0.01, 0.001 and 0.0001. 

Maximum thickness of the dielectric layer is limited typically due to the restrictions of lift-off 
process allowing of about 350 nm thick SiO and slightly thinner SiO2; with the aim of achieving 
a thicker dielectric two consequent depositions can be performed, e.g. [24], giving maximum 
thickness of about 450 – 650 nm.  Taking into account typical impedances we should attain, the 
thickness of dielectric is to be more than 100 nm.  These considerations define a range of the 
SML dielectric thickness 100 nm  h  650 nm and, for Nb film with o 85 nm, corresponding 
range of the strip thickness 230 nm  ts  780 nm. 

Processing, involving optical and E-beam lithography, gives different accuracies in resolving 
linear dimensions: with E-beam lithography it is possible to achieve the width of strip well below 
1 m and thus reach a higher line impedance for a given thickness of dielectric, while for 
repeatable results with optical lithography the strip width W  5 m would be an appropriate 
choice.  Bringing these additional considerations to define the ranges of parameters used to 
calculate penetration factor  [7], we find out that the strip normalized thickness is of 
1.2  ts/h  2.3 and the strip normalized width is of 7.7  W/h  50 for optical lithography.  The 
lattes lead us to the conclusion that the SML line with geometries of interest has the field 
penetration factor , that is very close to the line with uniform field distribution (  1).

Based on that fact and referring the equations (8, 9), (11, 12) and (9a), we can write a new 
equation for the correction factor SB: 

o

gs

Xand
h

tt

SB )()(
))(coth()())(coth()(

1  (15). 

In the equation (15) we bear in mind the Swihart solution for static (frequency independent) 
London penetration depth, o, as in equation (9a), and use similarity of the equation (8, 9) with 

the equations (12, 13), suggesting that SwSB , which should be exact for W>>h.  Taking into 
account that the H-field penetration depth is a frequency dependent quantity, as it is clear from 
the equation (6), and considering that ( ) is a slow function of the frequency (Figure 2), we use 
the frequency dependent ( ) in the Sw factor, equation (9a), assuming the Swihart solution to 
be valid for every single frequency.  Summarizing, the proposed new model takes into account 
the fact that contribution of the superconducting state of the strip and ground conductors to the 
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microstrip line performance can be represented in the form of the SB multiplier factor, equation 
(15).   The SML characteristic impedance and the propagation factor can be obtained from those 
of a microstrip line with the same geometry based on ideal conductor via scaling them by the SB

factor.

The presented model was successfully used for a number of SIS mixer projects [15, 19, 24 - 26] 
demonstrating its accuracy.  However, the accuracy was judged indirectly, via the achieved 
performances of the SIS mixers.  In this paper we would like to evaluate the suggested model 
further by competitive comparison with the previously proposed SML models and 3-D 
electromagnetic field numerical simulation. 

Numerical Simulation of SML with HFSS 

The SML was simulated using 3-D electromagnetic field numerical simulation package, HFSS 
by Agilent.  We used approach suggested by A.R. Kerr [12] where a superconductor of finite 
thickness T is represented by two infinitely thin conducting planes (Fig. 6 below) with surface 
impedance calculated based on the transmission line theory, the surface impedance of the actual 
superconductor and the fact that the two surfaces interact via the penetration of the magnetic 
field (the thickness T is assumed to be comparable with the magnetic field penetration depth ).  
The equation for surface impedance in the HFSS simulation was slightly modified for term 

page 7, reference [12]; the modifications introduced in the equation reflect the fact that the 
magnetic field penetration is frequency dependent item.  Therefore, the surface impedance of the 
superconductor of the thickness T, having its bulk surface impedance Zs( ), equation (5), is 
represented as the follows: 

2
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ZTZ   (16) 

Based on the equation [16], the ground plane is represented in HFSS as an infinite conducting 
plane with the surface impedance Zground( ) = Zx( tg), Figures 1, 6. Employing the same 
approach to the strip we should represent it as rectangular structure with conducting planes 
having the surface impedance of the horizontal planes Zstrip_h( ) = Zx( ts) and the vertical plane 
surface impedance, edges of the strip, Zstrip_v( ) = Zx( W), as depicted in Figure 6. 

Figure 6. Simulation of the SML in finite-element solver (HFSS).  The strip is simulated as a box structure with 
conducting planes having different surface impedances for vertical and horizontal planes. 
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SML Model Comparison

In order to establish common reference for the model comparison we used Nb-material based 
SML with the material properties as follows: the normal state conductivity,  

n = 1.619 x 107 [ -1m-1], critical temperature, Tc = 8.7 [K], London penetration depth, 

o = 8.5x10-8 [m] and ambient temperature T = 4.2 K.  This combination of the material 
parameters gives the superconducting gap  (4.2) = 1.377 meV at 4.2 K.  For modelling we have 
chosen SiO2 as the dielectric ( r=3.74) with several thicknesses of 150, 250, 450 and 650 nm.  
The penetration depth, o, is a superconducting material constant of an absolute value for a given 
material; in order to preserve this fact we used absolute thickness of the dielectric material in the 
modelling, as above, and the strip width of 2, 4, 6 and 10 m for each thickness of the dielectric, 
rather than usual relative ratio of the dielectric thickness, t/h, and the strip width, h/w.  With the 
thicknesses of the dielectric and the widths of the strip as above we go slightly beyond the area 
of usual SML-based tuning circuitry for SIS mixers as discussed before and therefore could 
check how the suggested new model is compared to others with the wider range of geometries.  
In the modelling, the strip and the ground plane were assumed having the same thicknesses 
calculated according to the equation (14). 

The starting point for every presented below modelling results is: the line geometry, as in Figure 
1, the superconducting material parameters, as above, and, if required, the surface impedance 
calculated for every thickness of the Nb material according to the equations (1-7) and for the Nb 
material parameters listed.  The modelling was done using MathCAD [27] program to implement 
the models from references [4, 7].  In order “to align” W.H. Chang model, [4], and make it more 
representative in the comparison with more recent ones, we introduced frequency dependence of 
the H-field penetration depth  = ( ) and used it instead of o as was in the original model.  
The SML model used in Caltech [5, 6] was realized in the SuperMIX software package [28] and 
the code was used to model the described above SML configurations.  We have chosen to plot 
slow-wave factor or the wavelength ratio, free_space/ in_line, in order to characterize the 
propagation in the SML for different models. 

Discussion 

The results of the simulations show that more or less all the models converge towards HFSS 
simulations.  The most spread in the modelling results is in the slow-wave factor while the 
results on the characteristic impedance calculations show more consistency.  As expected, 
introducing the frequency dependent H-field penetration produces drastic changes in the SML 
impedance and the slow-wave factor, free_space/ in_line, those become up to 30% higher for thin 
dielectric (150 nm) around the gap frequency compared to, e.g., @100 GHz. 

The new model produces results, which are very close to HFSS simulations and the model 
presented by G. Yassin & S. Withington for all SML geometries, while require relatively simple 
calculation procedures as described above especially if one of the approximation functions for 

(f) is used.  Presence of a noticeable discrepancy between Yassin & Withington model on one 
side and HFSS on another side for thin dielectric, e.g., Figure 22 and 30, brings us to the 
conclusion that further adjustments can be made for HFSS approach using more realistic 
distribution of the surface impedance at the edges of the strip.  The discrepancy leaves open the 
question about a reference model. 
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Interestingly, the new model that initially doesn’t take into account increasing loss in the 
superconductors around and above the gap frequency anyway produces correct values of the 
impedance and the slow-wave factor as compared to the models, which take use of the surface 
impedance of the superconductor and therefore include these losses.  This opens possibility to use 
the suggested model even in the wider frequency band by adding conventional multiplicative loss 
factor [29]. 
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Local Oscillator Systems for (sub)millimetre Spectroscopy

S. Andersson, A. Emrich, J. Embretsen
Omnisys Instruments AB, Gruvgatan 8, 421 30 Göteborg, Sweden

ABSTRACT

One of the most critical subsystems in a (sub)millimetre heterodyne radiometry instrument is the Local
Oscillator (LO) system, especially for high resolution spectroscopy. For space applications, requirements
such as low power consumption, compactness and reliability concerns add an additional dimension to the
system design issues.

Design aspects of a complete LO system will be described below. This includes trade-offs between
phase noise characteristics of Gunn oscillators and harmonic reference oscillators, bandwidth
requirements of tuning ports as well as power supply filtering and general protection of various
components. As an example, the complete LO system of the ODIN satellite will be described, a system
with very high resolution requirements, and for SMILES.

Figure 1. Breadboard  of the SMILES phaselock and control system.

SYSTEM COMPONENTS

Harmonic reference oscillator (HRO). The harmonic reference oscillator is a low phase-noise
frequency synthesizer in the 2-10 GHz band. This signal is mixed harmonically with the Gunn oscillator
in order to produce a low IF frequency. The harmonic IF is then used for the phase-locking of the Gunn
oscillator.

PLL reference oscillator (PRO). This synthesizer is used to create a signal in the 50-500 MHz range.
This signal is used in the main PLL as a reference for the phase detector. The PRO will typically set the
system frequency step size.

Main PLL. The main PLL consists of a high performance phase- frequency discriminator feeding the
main active loop filter. PLL requirements are dependent on the quality of the Gunn oscillator and the
receiver phase-noise specification. Loop bandwidths can range from 100 kHz to 10 MHz.

Main reference source. This reference is usually an OCXO or a TCXO with stability in the order of 108

or better.

Biasing and monitoring. The biasing system of a front-end controller is often over-looked. In a typical
receiver, bias shall be provided to Gunn oscillators, harmonic mixers, multipliers, cryogenic mixers and
cryogenic IF amplifiers. Bias points on all these units should be monitored together with temperatures. 30
bias and 50 monitor channels are used in ODIN.
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The most critical elements of the LO system is the HRO and the PLL loop filter. Given a typical gunn
oscillator, these units limit the maximum resolution of the receiver.  In order to analyze how different
noise contributors affects the overall phase-noise performance of an LO system, a MatLab simulation
program has been developed. The program simulates a large number of noise sources and transforms the
result to the operating frequency. Performance is evaluated and compared with the specification.

THE ODIN SYSTEM

The ODIN satellite is a joint aeronomy and astronomy mission. The main payload consist of four
tunable heterodyne schottky receivers in the frequency range 480-570 GHz and one fixed tuned 119
GHz heterodyne system.

x2 x3
100 GHz 200 GHz

600 GHz

150 MHz 5 GHz

10 MHz

10 MHz

HRO

Reference oscillator

HMIX

3 MHz

GUNN TRIPLERDOUBLER

PRO

Phase detector

150 MHz

LO-UNIT

biasing &

monitoring

COLD-BOX

 biasing &

monitoring

Controller

FIGURE 3. Block diagram for the ODIN control system. The box on the right incorporates four complete
phase-lock and control systems.

SMILES

Based on the experience from the ODIN satellite, a phase-lock and control system for the Japanese
SMILES experiment, scheduled for operation on the International Space Station has been developed.
Although the basic design is similar to the ODIN version, it differs in frequencies, interfaces as well as
specification.

Figure 4.  Block diagram of the phase lock and bias system for the SMILES LO to the left, and top view of
the physical realization to the right.

6. CONCLUSION
When designing a controller for a (sub)millimetre front-end, one must realize that this is a complex
system. One of the most over-looked issues is the great number of biasing and monitoring circuits
needed. These circuits play an important roll for the phase-noise budget. They also serve as protection
circuits for the very sensitive front-end components such as multipliers and mixers.

In order to transform the resolution requirements of the receiver to specifications at component level, a
MatLab program has been developed. This program takes into account many sources of noise and
different filter functions through out the system.
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Equivalent Circuit for Photomixing 

In Resonant Laser-Assisted Field Emission

M. J. Hagmanna, M. S. Mousab, M. Brugatc,  E. P. Sheshind, and A. S. Baturind

aDeseret Electronics Research Corporation, North Salt Lake, Utah,
bDepartment of Physics, Mu’tah University, Al-Karak, Jordan

cImage Instrumentation Inc., Cooper City, Florida
dMoscow Institute of Physics and Technology, Moscow, Russia

Abstract

Resonant Laser-Assisted Field Emission is a new technology for wide-band
tunable and pulsed terahertz sources. Microwave prototypes have been made to
demonstrate proof of concept.  Equivalent circuits are developed to extend the quantum
simulations to optimize designs for maximum power and bandwidth. Calculations with
the equivalent circuits are consistent with the experimental data.

Summary of the new technology

Quantum simulations [1] recently confirmed by others [2,3] show that tunneling
electrons have a resonant interaction with optical radiation. By means of the resonance, a
TTL amplitude-modulated laser diode (30 mW, 690 nm) maximally focused (P = 106-108

W/m2) at a field emitter tip causes current oscillations that may be seen on an
oscilloscope [4].  When optical radiation is focused on a field emitter tip, the tip rises and
falls in potential following each cycle because it is much smaller than the wavelength.
The field emission current follows the instantaneous electric field with a delay  2 fs
[5], and the I-V characteristics of field emission are highly nonlinear, so photomixing in
laser-assisted field emission can generate current oscillations up to 500 THz (1/ ). We
have studied several means to couple signals from these current oscillations [6]. 

Development of an equivalent circuit

The Fowler-Nordheim equation for current density in field emission is used in
order to obtain closed-form expressions [10,11].  The current density is given by the
following expression, where E is the electric field and parameters A and B depend on the
work function of the tip.

J AE e B E2 1/ ( )
The response to a time-dependent field is found by setting

where E0 is the static field and the other two terms may represent the radiation. A Taylor
series expansion of Eq. (1) about operating point (E0, J0) where there is only the static
field E0 gives the following expression for the current:

I I I ID M0 3( )

E E E t E t0 1 1 2 2 2cos cos ( )b g b g
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All terms at frequencies above the mixer frequency are neglected because they would be
highly attenuated. This derivation is only valid at low frequencies where the effects of
photon exchange may be neglected.  However, the resonance for optical radiation [1]
increases ID and IM by  40 dB while their ratio remains consistent with Eqs (4) and (5).

The three components of the current in Eqs. (3-5) are represented by separate
parallel paths in the following equivalent circuit. This circuit also contains an external
voltage source V0, load and ballast resistances RL1, RL2, and Rb, and anode and tip
capacitances CA and CT.  The beam impedance is defined by RB  VAT/I0, where VAT is
the anode-to-tip potential with the static field E0 at the surface of the tip.  From Ohm’s
Law, RB = V0/I0 – Rb – RL1.  It is assumed that RL1 << RB so the feedback of ID and IM

through RB may be neglected. 

Fig. 1. Equivalent circuit for resonant laser-assisted field emission.          

Application of the equivalent circuit to previous experiments

When field emission current is gated with an amplitude-modulated laser [4] the
emitted current is gated at the modulation frequency of the laser, with a peak-to-peak
value that is proportional to the power flux density. The magnitude and waveform of the
gated current in the external circuit have the characteristics of a low-pass filter.  These
results are consistent with the model.  For example, shunting of the current by the anode
capacitance causes the external current to roll-off with increasing frequency.

Direct coupling from the tip to obtain maximum bandwidth and power

Signals may be coupled directly from the tip by (1) exciting surface waves that
are propagated to the load, (2) forming antennas on the tip so the currents cause radiation
to the load, or (3) exciting signals in a dielectric waveguide attached to the apex.  Figs. 2
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and 3 show microwave prototypes that use the first and second methods, respectively. 

Fig. 2. First microwave photomixer using             Fig. 3. Microwave source using a
resonant laser-assisted field emission.                   looped filament as an antenna.

The equivalent circuit shows how the effects of shunting by the anode
capacitance, which cause the current in the external circuit to roll-off with increasing
frequency, can be avoided to obtain the full bandwidth that is inherent in resonant laser-
assisted field emission.  At microwaves frequencies the anode and tip capacitances are
effective shunts to ground, and at terahertz frequencies we need not be concerned about
the impedance of the ground path return because the current is dissipated by attenuation
and dispersion. The transformer in Fig. 1 represents the coaxial horn transition in the
prototype in Fig. 2, transforming the surface wave to a coaxial output matched to load
RL2. The power propagating on the tip is approximately equal to the product of the
characteristic impedance of this line and the square of the current in the surface wave:

Equation 6 shows that the output power is proportional to the product of the
power flux densities produced at the tip by the two lasers.  Using typical values for field
emission, and allowing for the resonance, it appears possible to generate mW levels of
power at THz frequencies by photomixing in resonant laser-assisted field emission.  
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Effect of Finite Spectral Width on Photomixing 

In Resonant Laser-Assisted Field Emission

Mark J. Hagmann
Deseret Electronics Research Corporation, North Salt Lake, Utah

Abstract

Resonant Laser-Assisted Field Emission is a new technology for wide-band
tunable and pulsed terahertz sources. Simulations are made to determine the effect of
laser linewidth on photomixing with this technique.  The results show that single mode
tunable laser diodes may be used in early prototypes. 

Argument for unusually high bandwidth with this New Technology

Photomixing with low-temperature-grown GaAs generates 1 W at 1 THz, rolling
off as 1/f4 at higher frequencies—1/f2 from finite carrier lifetime in the semiconductor
and 1/f2 from capacitive shunting [1]. Photomixing in laser-assisted scanning tunneling
microscopy (STM) has a roll-off of only 1/f2 because the tip is closely coupled to the
sample but there is no semiconductor [2].  It is reasonable to suppose that by moving the
sample away from the tip in a STM, for laser-assisted field emission, the capacitive
shunting of the tunneling junction would be eliminated so there would be no inherent
roll-off of power with increasing frequency. This conclusion is supported by quantum
simulations [3,4].

Advantages of THz sources using the new technology

In addition to the potential for large bandwidth, simulations also suggest that
output powers at the mW level are possible. Furthermore, field emission is insensitive to
environmental temperature, ionizing radiation, and electrostatic discharge (ESD).

Method for the simulations allowing for finite spectral width

We simulate photomixing as a stationary stochastic process in which the
frequencies and phases of two sources of optical radiation are random variables changing
at the ends of their respective periods of coherence. Lorentzian and Gaussian line shapes
are modeled, to simulate different mechanisms for line broadening [5]. The center
wavelength ( 0), linewidth (FWHM) and power flux density (P) for each radiation source
are specified, and the coherence times are calculated. The metal for the field emitter tip
and the applied static field are specified. The waveform of the field emission current is
sampled with 5 points per cycle at the highest frequency in the incident radiation to
exceed the Nyquist criterion at the second harmonics. An adiabatic solution of the
Schrödinger Equation is used to obtain these sample points [4], in which the Fowler-
Nordheim expression for the potential barrier [6,7] is modified by superimposing the
instantaneous value of the radiation field. Pseudorandom deviates are used to change the
frequencies and phases of the two radiation sources as random variables at the ends of
their respective periods of coherence. The one-sided power spectral density of the current
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is calculated with the current vs. time data partitioned into K segments, each with 2N

consecutive samples, for a total of K x 2N points with no overlapping.  Square windowing
is applied to the data and the FFT is used to produce a periodogram estimate for each
segment.  Finally, the K periodogram estimates are averaged at each frequency to reduce
the variance of the estimate [8]. Routines for the periodogram estimates are from [9]. The
normalized current densities, which are reported, may be integrated over a frequency
interval and multiplied by the DC current density to give the RMS current density in that
frequency interval.

Presentation of the data

The first four figures show the normalized current density for photomixing with a
tungsten tip having an applied static field of 5 V/nm when each laser has P = 1012 W/m2.
In each case the simulated period exceeds 100 times each coherence time.  In Figs. 1a and
1b, 0 = 670.00 and 668.51 nm, and FWHM = 0.1 nm.  In these calculations K = 20 and
N = 18 for 5,242,880 sample points to simulate 2.34 ns of the waveform. In Figs. 2a and
2b, 0 = 670.00 and 655.35 nm, and FWHM = 1.0 nm.  In these calculations K = 40 and
N = 17 for 5,242,880 sample points to simulate 2.29 ns of the waveform. Figure 2A
shows peaks for the two lasers, the mixer (difference) frequency, the second harmonics
for each laser, and the sum frequency.  Each of these features is also present in the data
for Fig. 1A, although some of the peaks are too close to be seen in the figure.

                                  Fig. 1a                                                              Fig. 1b

                            Fig. 2a                                                            Fig. 2b
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A series of simulations like those shown on the previous page was made to
determine the linewidth for either 1 THz or 10 THz mixer outputs using radiation sources
having different values of linewidth. In each case one source had a center wavelength of
670 nm, and the second was shifted to obtain the chosen mixer frequency. The results are
shown as solid squares in Figs. 3 and 4. An analytical solution for mixing with a
quadratic law device when the sources have Gaussian line shapes shows that the spectral
widths of the two input signals and the mixer output are related by M

2 = 1
2 + 2

2.  The
solid line in each figure shows this result, marked as a “Semiclassical Approximation”.  

              Fig. 3. Mixer output at 1 THz.                    Fig. 4. Mixer output at 10 THz.

Discussion and conclusions

The “semiclassical” relation for the linewidth is consistent with the simulations.
We find no significant difference in the relation between the linewidth of the mixer
output to the linewidths of the two radiation sources when Lorentzian or Gaussian line
shapes are used consistently in the simulations. The adiabatic approximation used in the
simulations may be corrected by a frequency-dependent multiplier increasing these
values by as much as 40 dB [3,4]. We have not included the effects of instabilities and
noise in these simulations. 

References:

[1] E. R. Brown, F. W. Smith and K. A. McIntosh, J. Appl. Phys. 73 (1993) 1480.
[2] L. Arnold, W. Krieger and H. Walther, J. Vac. Sci. Technol. A, 6 (1988) 466-469.
[3] M. J. Hagmann, J. Vac. Sci. Technol. B13 (1995) 1348.
[4] M. J. Hagmann, Ultramicroscopy 79 (1999) 115.
[5] B. E. A. Saleh and M. C. Teich, Fundamentals of Photonics, New York, John Wiley,
1991, pp. 351, 444-449.
[6] R. H. Fowler and L. W. Nordheim, Proc. R. Soc. London A 119 (1928) 173.
[7] L. W. Nordheim, Proc. R. Soc. London A 121 (1928) 626.
[8] P. M. T. Boersen, IEEE Trans. Instrum. Meas. 49 (2000) 766.
[9] W. H. Press, S. A. Teukolsky, W. T. Vetterling and B. P. Flannery, Numerical
Recipes in FORTRAN, New York, Cambridge University Press, 2nd ed., 1992, pp. 269-
280, 542-551.

14th International Symposium on Space Terahertz Technology

483



Terahertz quantum cascade laser based on LO-phonon-scattering

assisted depopulation.

Benjamin S. Williams, Hans Callebaut, Sushil Kumar, and Qing Hu

Department of Electrical Engineering and Computer Science and Research Laboratory of

Electronics, Massachusetts Institute of Technology, Cambridge, MA 02139

John L. Reno

Sandia National Laboratories, Dept 1123, MS 0601, Albuquerque, NM 87185-0601

In a recent breakthrough,1 we have developed the longest wavelength quantum cascade laser
to date, at l = 87.2 µm corresponding to 3.44 THz or 14.2 meV photon energy. The laser is
based on GaAs/Al0.15Ga0.85As multiple quantum well structures, and it utilizes resonant LO-
phonon scattering for depopulation of the lower radiative level to achieve population inversions.
The core structure, a four-well module, is shown within the dashed box in Fig. 1. The radiative
transition takes place between levels 5 and 4, highlighted by thicker lines. 175 nominally
identical such modules are cascade connected in series. Under designed bias, the ground level 1'
of a previous module is aligned with level 5, selectively injecting electrons to this upper level.
The lower level 4 is at resonance with a level in the adjacent well, where very fast LO-phonon
scattering (~0.5 ps) takes place, keeping this level mostly empty.

Figure 1. Conduction band profile of the THz quantum cascade laser structure under a bias of 64 mV/module,
corresponding to a total bias voltage of 11.2 V.

Lasing at 3.437 THz (l = 87.2 µm) was obtained in this device at a threshold current density
of 840 A/cm2 at 5 K heat sink temperature. Typical emission spectra above threshold are shown
in Fig. 2. The emission frequency corresponds to a photon energy of 14.2 meV, close to the
calculated value of 13.9 meV. For much of the bias range, the emission is dominated by a single
mode, and the spectrum shifts towards higher energy longitudinal modes with increasing bias
(inset, Fig. 2) due to Stark shift.

Measured optical power versus current (P-I) curves at low duty cycle are plotted in Fig. 3(a).
Lasing is observed up to 64 K with a power level of 25 µW, compared to the 2.5 mW observed
at 5 K. Fig. 3(b) displays the voltage versus current, as well as several P-I curves taken at
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different duty cycles. The peak power remains largely unchanged for duty cycle below 1%, and
gradually drops to 0.5 mW at 50% duty cycle.

The performance of this device is quite promising, as a first attempt to develop THz quantum
cascade lasers based on LO-phonon assisted depopulation and at this long wavelength. Minor
improvements such as fabrication of narrower ridges and improved heat sinking should lead to
CW operations. Further refinement of the injector design should improve efficiency and reduce
the threshold current density. We believe that resonant LO-phonon assisted depopulation is a
robust scheme that will enable operation at even higher temperatures and still longer
wavelengths. We are currently developing quantum cascade lasers for the important 2.5-THz
frequency range based on the same operating principle. Given the remarkable success at 3.4
THz, we are optimistic about the outcome of this new development. The resulst will be presented
at the symposium.

1. B. S. Williams, H. Callebaut, S. Kumar, Q. Hu, and J. L. Reno, to be published in Appl.
Phys. Lett., Febuary 24 (2003).

Figure 2. Emission spectrum above threshold biased at
1.64 A at 5 K. The inset shows an expanded view of
spectra at various bias points, offset for clarity.

Figure 3. (a) Emitted power versus current at various heat
sink temperatures with a 0.02% duty cycle. (b) Applied bias
voltage and peak emission power versus current, collected at
various duty cycles and heat sink temperature from 8 K to 15
K.
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Terahertz Backward Wave Oscillator Development
Lawrence Ives, David Marsden, Malcom Caplan, Carol Kory, Jeff Neilson,

Calabazas Creek Research, Inc.
20937 Comer Drive, Saratoga, CA 95070-3753, USA

(408) 741-8680, Fax: (408) 741-8831

S. Schwartzkopf, RWI, Inc. 

Calabazas Creek Research, Inc. is funded by the National Aeronautics and Space Administration 
to develop efficient, light-weight, backward wave oscillators (BWOs) for applications from 300 
GHz to more than 1 THz. These devices are needed as local oscillator (LO) sources in heterodyne 
receivers. Very low noise heterodyne receivers are needed at submillimeter wavelengths for low-
background radioastronomy observations and remote sensing of comets, Earth and other plane-
tary atmospheres. Important molecules play a key role in the energy balance, chemistry, and 
dynamics of interstellar molecular clouds, planetary atmospheres, and cometary coma. High reso-
lution observations of these species are needed to understand the structure and evolution of the 
galactic and nearby extragalactic interstellar medium. Heterodyne instruments are required for 
these observations at ground-based observatories such as the Caltech Submillimeter Observatory, 
airborne observatories such as the upcoming NASA SOFIA (a 747 aircraft with a 2.5 m tele-
scope), and the ESA Far Infrared and Submillimeter Telescope mission. Currently there are no 
compact, low- power, broadband LO sources, even above a few hundred GHz. Such a source 
would enable new science missions and enhance the science return of a given mission as well as 
expedite the laboratory development of the receiver system. Above 100 GHz, only BWOs have 
broad tunability (over 100 GHz) and high output power (~1 mW); however, existing BWOs are 
heavy (over 20 kg), consume a lot of power (270 W), require water cooling, and have poor output 
mode purity. 

The technical objectives of the current program are as follows: 

• Utilize advanced manufacturing techniques to extend the operating range to frequencies 
exceeding 1 THz. 

• Incorporate a depressed collector to improve the efficiency and eliminate water cooling, 

• Improve the output coupling to increase coupling efficiency and mode purity, 

• Reduce the magnet system size and weight. 

Previous presentations described the design of the 600-700 GHz BWO1. The prototype is cur-
rently being assembled by CCR and RWI. A number of issues arose during the construction of 
components that required significant technological development. 

Circuit: The slow wave circuit requires creation of 1500 metallic “towers,” or pintles, that are 30 
microns by 20 microns in cross section and 80 microns high. These are separated by approxi-
mately 20 microns. Machining these structures presented a significant challenge, so two separate 
approaches were undertaken. CCR worked with Sandia National Laboratory to develop a litho-
graphic process using LIGA; which could provide mass production of slow wave circuits up to 
1.5 THz. This development proved more difficult than anticipated due to a number of processing 
steps. Never the less, Sandia was able to solve most problems and accurately expose and electro-
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plate the desired structures. Unfortunately, the wafer failed to complete the final process success-
fully. Additional funding was provided to continue this development, and Sandia is continuing 
this research. This development will be crucial to increase frequencies above 1 THz. 

In parallel, RWI successfully implemented 
advanced electric discharge machining (EDM) 
procedures using 8 micron wire. This allowed 
machining of the structures with the required accu-
racy, so four circuits are currently being produced. 
RWI is investing in more advanced equipment to 
manufacture even smaller structures. 

Output Waveguide System: The BWOs incorpo-
rate fundamental waveguide coupling from the 
slow wave structure, transitioning to a Gaussian 
mode antenna for coupling to external devices. 
The system requires manufacture of the BWO 
body in halves to incorporate the matching struc- FIGURE 1. Body half with output 
tures, which contain 2 micron features. RWI devel- waveguide system 
oped special procedures to manufacture these 
structures, which were successfully tested at the 
Jet Propulsion Laboratory. A photograph of one half the 600-700 GHz body is shown in Figure 1. 

Window: Initially, the program planned to use RF windows 
manufactured by Istok Company, the original developer of the 
BWOs; however, the thickness was not appropriate for the 
advanced output waveguide system. Consequently, CCR devel-
oped a procedure for manufacturing the 100 micron thick win-
dows using sapphire ceramics. Because of the small window 
thickness, special brazing and lapping procedures were devel-
oped to make the window assemblies. A solid model of the win-
dow assembly is shown in Figure 2. 

Depressed collector: A important feature of the BWO is the 
depressed collector. Successful implementation will significantly FIGURE 2. Solid model
increase the operating efficiency and eliminate the current of window assembly 
requirement for water cooling. Special adhesives were investi-
gated for connecting the ceramic insulator to the body section for 
conductive cooling. Components of the collector are shown in Figure 3. 

1. Lawrence Ives, Jeff Neilson, Malcom Caplan, Carol 
Kory, David Marsden, “Advanced Terahertz Back-
ward Wave Oscillators,” International Vacuum Elec-
tronics Conference, Monterey California, June 2002 

This development is funded by National Aeronautics 
and Space Administration Grant NAS3-01014. 

FIGURE 3. Metal components of 
the depressed collector 
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Design and operational considerations for
robust planar GaAs varactors: A reliability study

Frank Maiwald, Erich Schlecht, John Ward, Robert Lin, Rosa Leon, John Pearson, and Imran Mehdi 

Jet Propulsion Laboratory, MS 168-314, 4800 Oak Grove Drive, Pasadena, CA 91109 

Abstract  — Fix-tuned, broadband local oscillator (LO) sources to 1900 GHz have been developed for the HIFI 

instrument on the Herschel Space Observatory.  Each LO chain consists of cascaded multipliers (doublers or 

triplers) being pumped with high-power (>100 mW) power amplifier modules in the 70 to 110 GHz frequency 

range.  For long-term mission reliability it is important to quantify the safe operating conditions for these multi-

pliers, especially when pumped with high input power.  This paper will describe on-going investigations into the ef-

fects of excessive reverse currents in Schottky diodes along with presenting a methodology for determining safe 

bias conditions for a given multiplier.  

I. INTRODUCTION 

In recent years tremendous progress has been made in demonstrating broadband all planar solid-state LO chains to 
1.9 THz [1,2,3] for the heterodyne instrument on the Herschel Space Observatory [4].  In order to produce sufficient out-
put power at frequencies above 1 THz, the first stage multipliers are being pumped with power levels of more than 
100 mW at W-band with power-combined GaAs based power amplifiers [5].  The multipliers must be designed and oper-
ated keeping this high RF input power requirement in mind.  Though there have been some general studies regarding the 
reliability of GaAs Schottky diodes [6,7,8] we are not aware of any systematic study on the reliability of planar high 
power GaAs varactors.  The situation is further complicated due to the fact that reliability of the devices is intimately de-
pendent on the fabrication technology as well as the RF design.  The goal of the present study is to determine what con-
stitutes a safe RF and bias range for a given multiplier.  

II. ELECTRICAL STRESS 

Excessive amounts of either forward or reverse currents can cause the GaAs/metal contact to degrade.  Catastrophic fail-

ure of GaAs Schottky contacts with forward current of 14mA/mm
2
 has been reported in [8] for whisker-contacted diodes. 

For planar diodes it is observed that the forward current limit is often imposed by the metal trace connecting the anode 
(diode finger), which acts as a fuse. However, the effect of reverse currents on diode characteristics is more difficult to 
predict.  In the presence of constant reverse currents we have observed the diode bias voltage at constant current degrade 
even before there is avalanche breakdown at room temperature.   

Degradation of the Schottky contact due to reverse current is investigated by passing a constant reverse current through a 
device while monitoring the required voltage over an extended period of time.  This is depicted for three different current 
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Figure 1: Measured reverse bias voltage for constant 
reverse currents of  -1mA, -5mA, and -10mA.   The 

diodes used have anode areas of 1.5 mm2 with 

2*1017 cm-3 doping.
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levels at room temperature in Figure 1.  The anode area is 1.5 mm2 and thus the current densities are 0.67 mA/mm2 for 

-1 mA, 3.3 mA/mm2 for -5 mA, and 6.7 mA/mm2 for -10 mA.   The measurements at –1mA are more scattered than the 

others due to the low current but it follows the trend indicating that lower reverse currents do not result in as severe of 
degradation as higher reverse currents. However, it is clear that even at -1 mA of reverse bias current, the reverse voltage 

will gradually degrade.  For all three current values, the reverse voltage approaches a fixed value after a few hundred 
minutes.  Similar fixed-current reverse voltage behavior with time is observed when high RF power is applied. Further-
more, the degradation occurs at lower negative bias voltages, indicating as one would expect that the RF input power ag-
gravates the reverse current damage to the device.  The rate of degradation is expected to depend on the reverse current 
amplitude, RF power, device doping, operating frequency and device technology.   These effects will be measured quan-
titatively in the future.   

III. DIODE CURRENTS IN THE PRESENCE OF RF POWER 

To better understand appropriate bias conditions for a varactor it is essential to investigate the RF induced current and 
voltage waveform on the diodes.  This can be done by analyzing the circuit iteratively with harmonic balance code [9,11, 
11].  The solid line in Figure 2 represents a measured I(V) curve for a 3x12 mm2 anode with 2*1017 cm-3 n carrier con-

centration.  This anode is part of a 200 GHz balanced doubler chip, which has three such anodes in series and two paral-
lel branches for a total of six anodes.  During the circuit simulation, the bias voltage is optimized at each frequency to 
maximize the RF output power.  However, it is obvious that the bias voltage must not exceed a certain range in order to 
avoid excessive currents in the positive or reverse directions.  In the presence of RF input power, a voltage is induced on 
the device.  The voltage waveform is shown as a dashed line in Figure 2.  This waveform is simulated for an input power 
of 25 mW/anode and the anode biased with –2.5 Volts.  The breakdown voltage Vbr, which is for the purposes of this pa-
per defined as reverse bias voltage necessary to produce –10 mA of reverse current, for the single anode is measured to 

be -9.1 Volts.  The shape of the induced RF swing depends on the embedding impedance of the multiplier circuit, the in-
put power level, the frequency, and the bias voltage.  The sinusoidal RF swing gets deformed due to the non-linearity of 
the device.  The peaks of the voltage swing cannot be measured directly; only measurements of the average voltage and 
current are possible at these frequencies.

200 GHz Currents & Performance (Vbr=9.1 V)

Pav=25 mW/diode, I= I junction
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Figure 2: 200 GHz doubler anode (3x12 mm2 anodes and 

2*1017 cm-3 doping).  The I(V) curve was measured at 295 K 
on a single diode.  The voltage waveform is calculated (295 K) 
for a single diode with 25 mW input power per diode 
(150 mW total) biased at -2.5 V per anode (-7.5 V total).

Figure 3: Simulation of the current and voltage at 
295 K induced in a single diode of a balanced varactor 
doubler with 25 mW per diode input power at 100 GHz. 
The calculated peak currents and the efficiency are dis-
played as a function of bias voltage (Vbias).   
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Along with the voltage waveform, it is also important to study currents in the device while RF power is present.  Such a 
simulation for a fixed input frequency of 100 GHz, is shown in Figure 3.  As the bias voltage (Vbias) is swept from posi-
tive towards negative, a sharp increase in the peak reverse current (Ipeak rev) is observed.  Even when biased at only 20 
percent of the breakdown voltage Vbr, the peak reverse voltage (Vpeak rev) swings close to the breakdown voltage.  
Though the maximum efficiency based on this simulation alone would require a bias voltage of about 0.28 Vbr this would 
clearly be courting danger.  In practice, such a diode should be biased close to 0.15 to 0.18 of Vbr in order to avoid exces-
sive reverse currents, which can lead to device failure.  One should use caution in interpreting this plot since it does not 
include the temperature and frequency dependence.  Moreover, due to the lack of a satisfactory model for predicting the 
reverse currents through Schottky diodes it is believed that the predicted currents are somewhat higher than what actually 
occurs in the laboratory.  These current simulations are probably pessimistic [9], since I(V) measurements indicate that it 
overestimates the reverse current by about an order of magnitude. The rise in peak reverse current therefore probably oc-
curs at more negative bias voltages than plotted in Figure 3. Simulations like these along with empirical results are both 
needed to determine safe and useable bias limits for these particular multipliers. 

IV. PROPOSED METHOD FOR THE EXPERIMENTAL DETERMINATION OF BIAS LIMITS 

Since the direct measurement of the peak reverse current is not possible, the following measurements were made to de-
termine the safe operating conditions of a 200 GHz doubler.  At a fixed frequency, the input RF power was increased 
from 10 mW to 170 mW in 10 mW steps.  At each input power the bias voltage was recorded at four different bias cur-
rents.  First, the bias was adjusted to obtain maximum output power.  Second, the bias was adjusted to obtain +7 mA bias 
current.  Third, the bias was adjusted to obtain +0 mA through the device.  Finally the bias was adjusted to give –5 mA

through the device.  These measurements are shown in Figure 4a.  The forward current at this level poses no risk to the 
device and is below 1 mA/mm2 current density.  However, reverse current of –5 mA will be detrimental to the device and 

thus the safe bias voltage limit must be more positive.  Figure 4b shows the estimated safe operating zone for this particu-
lar multiplier and for this particular frequency.  The –5 mA bias line is de-rated to 75% to provide a safer operating con-

dition.  The dashed trapezoid in this figure indicates the approximate safe operating bias zone for this device.   

Figure 4a: 200 GHz doubler with six 3x12 mm2 an-

odes and 2*1017 cm-3 n carrier concentration.  Meas-
urement of bias voltage for various bias currents and 
RF input powers.

Figure 4b: Definition of safe operational range.  The 
maximum safe RF input power is limited by the de-
sign specification of the thermal dissipation. 
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V. CONCLUSION 

Reverse currents through Schottky diodes can degrade the breakdown voltage thus ultimately leading to device perform-
ance failure. The amplitude of the current along with the device technology will determine how long it takes for catastro-
phic failure.  A preliminary procedure for determining safe operating conditions for a given multiplier has been outlined 
in this paper.  A quantitative approach is under development that will be based both on simulated and experimental be-
haviors and will define safe operating bias conditions for any given multiplier.  
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                          Abstract 

The traditional implementation of resonant 
tunneling diodes (RTD) as high-frequency 
power sources always requires the 
utilization of negative-differential resistance 
(NDR). However, there are inherent 
problems associated with effectively 
utilizing the two-terminal NDR gain to 
achieve significant levels of output power. 
This paper will present a new design 
methodology where resonant tunneling 
structures (RTS) are engineered to exhibit 
electronic instabilities within the positive-
differential-resistance (PDR) region. As will 
be demonstrated, this approach utilizes a 
microscopic instability that alleviates the 
need to reduce device area (and therefore 
output power) in an effort to achieve low-
frequency stabilization.  

Terahertz frequency systems have 
previously found applications in radio 
astronomy, atmospheric monitoring, 
plasma diagnostics, imaging and 
surveillance, etc. Though terahertz 
technology already has potential 
importance for some civilian and 
military applications, this region of the 
electromagnetic spectrum has not 
reached maturity for commercial 
exploitation. The main reason for this is 
the general absence of reliable, low-cost, 
miniaturized solid-state power sources. 

To date, most of the two-terminal 
devices can only provide significant 
power for applications at the very lower 
limit of the terahertz electromagnetic 
spectrum.   

The RTD, when implemented in the 
traditional manner, have been shown 
capable of reaching frequencies up to 
712 GHz with output power of 
~0.3 W. However, the conventional 

RTD oscillators have some inherit 
drawbacks. In the traditional 
implementation, a RTD is utilized as the 
gain component in a traditional two-
terminal oscillator configuration. Here, 
the RTD is biased in its negative 
differential resistance (NDR) region. 
This leads to several problems that 
severally influence the output power 
performance. First, any noise 
fluctuations will be amplified when the 
RTD and its inherit charge storage 
capacitance resonates in an unstable 
manner with some external charge-
storage element (e. g., inductance of the 
contact lead). This effect will finally 
drive the balance point of the oscillation 
to the edge of the NDR region. Second, 
since a RTD acts as an unstable gain 
mechanism, the oscillation can only be 
produced through an energy exchange 
with an external element. Hence, the 
energy associated with the oscillation 
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must pass through a physical contact, 
which will always possess some loss. 
Third, the NDR of a RTD will encourage 
oscillation in the bias circuitry down to 
zero frequency. Therefore, one must 
design the circuit coupled to the RTD-
based oscillator so that it is low-
frequency stable to prevent energy losses 
to lower frequency modes. This requires 
the designer to reduce the RTD 
capacitance thereby the cross-sectional 
area of the RTD. This reduction in RTD 
device area significantly limits the 
available output power of the oscillator 
at high frequencies. 

In previous numerical experiments, 
intrinsic current oscillations at terahertz 
frequency in a double barrier quantum 
well (DBQW) system have been 
observed [1]. However, the bias voltage 
window in which the current oscillates 
for the device structure studied earlier 
occurs in the NDR region. This situation 
occurs because the oscillation criteria are 
satisfied when an emitter quantum well 
(EQW) is being created by the 
interference between the injected and the 
reflected electron waves just as the bias 
voltage passes the resonance bias 
voltage (i.e., when the energy level in 
the main quantum well is passing the 
Fermi level in the emitter). As stated 
earlier, current oscillations that arise 
within the NDR region will be severally 
limited in power since the area of the 
cross-section of the device has to be 
made small to reduce the capacitance of 
the device. This work will consider an 
emitter engineering technique that 
induces microscopic instabilities within 
resonant tunneling structures (RTSs). An 
artificial shallow well is “induced” in 
front of the emitter barrier. This shallow 
well enhances the formation of the EQW 
(and subsequent the instability 

mechanisms), so that the criteria for the 
creation of the intrinsic current 
oscillation in the RTS system can be 
realized at bias voltages outside of the 
NDR region. Therefore, bias voltage 
windows for intrinsic oscillations can be 
created in the positive differential 
resistance (PDR) region as long as the 
underlying oscillation criteria can be 
satisfied. 

To illustrate the potential design of a 
new quantum oscillator in the PDR 
region, we have performed Wigner-
Poisson based numerical simulation 
studies. The device structure used in the 
simulation is based on that used in our 
previous research [1]. An emitter-
engineering method is used to modify 
the device structure so that the 
oscillation can be obtained in the PDR 
region. Specifically, a small pre-well is 
built in front of the emitter barrier as 
shown by Fig. 1. The depth of the pre-
well is 0.05eV. The length of the pre-
well is 200Å. Grading of the Al in the 
well is used to achieve potential dip.

Fig.1 Band structure of the double barrier  
quantum well structure. 

In order to analyze the device, the one-
dimensional Wigner-Poisson model has 
been applied. This model was used to 
derive the potential profiles, electron 
distributions and current density. The 
simulation results are given in Figs. 2 
and 3. Fig. 2 shows the average I-V 

200Å

550Å
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characteristics and demonstrates that 
there are two bias voltage windows 
(BVWs). Fig. 3 shows the current 
oscillatory behavior at select bias 
voltages. In the lowest BVW, the 
oscillations are damped. In the higher 
BVW, the oscillations are significant. 
Most importantly, the oscillations are 
located in a PDR region. These studies 
demonstrate intrinsic current oscillations 
in the PDR region of a tunneling diode 
for the first time.  Fig. 2 and Fig. 3 show 
the salient features of the suggested 
terahertz power source. These features 
can be outlined as follows. First, the 
BVW for current instabilities can be 
located in the PDR region. This feature 
of the oscillation can be used to 
overcome the bias-point-shift problem in 
the engineering design of two-terminal 
oscillators. Furthermore, there is no 
broadband gain since the mechanism is 
not related to negative resistance. This 
will allow the area of the cross-section 
of the device to remain large. Finally, 
the operation temperature of the 
oscillator is in the temperature region of 
liquid nitrogen. In contrast, QC lasers 
can provide terahertz power output on 
the order of pico-watts only at very low 
temperature, such as 5 0K .

In conclusion, we have presented a new 
design method for two-terminal high 
frequency power sources. Since the gain 
mechanism is not related to negative 
resistance and the oscillations are 
designed in positive resistance region, 
the oscillators based on this design 
method should lead to enhanced levels 
of output power. 
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        Fig.3. The time-dependent current density 
in the bias voltage windows. For the oscillation 
in positive differential resistance region, the 
oscillation frequency is 16.7 THz.   
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ABSTRACT 

This paper presents a theory of the 
creation of current oscillation in a multi-
subband system. The oscillation in the 
system originates from the intersubband 
coupling. The relationship between the 
oscillation frequency and the subband 
structure can be used as a design 
criterion for a new class of intrinsic 
oscillators. 

The search for compact solid-state, high-
frequency power sources has been an 
important research subject for many 
years. Since the end of 1980's, resonant 
tunneling diodes (RTD) have been 
treated as a possible high frequency 
power sources.  However, as it is well 
known, the traditional implementation of 
a RTD has not been successful as a 
power source at terahertz (THz) 
frequency. This failing is due to the 
extrinsic design manner of the oscillator 
that utilizes external circuit elements to 
induce the oscillation. In contrast to the 
extrinsic design of RTD oscillators, the 
intrinsic design of RTD oscillators 
makes use of the microscope instability 
of RTDs directly. This type of an 
approach will avoid the drawbacks 
associated with the extrinsic 
implementation of RTD's. It is believed 
that if the dynamics surrounding the 
intrinsic oscillation can be understood 
and controlled, RTD sources based on 
the self-oscillation process should yield 
milliwatt levels of power in the THz 

regime. However, the exact origin of the 
intrinsic high-frequency current 
oscillation has not yet been fully 
established. The lack of knowledge 
related to the origin of the intrinsic 
instabilities in double-barrier quantum-
well structures (DBQWSs) directly 
hampers realizing an optimal design 
(device and circuit) of a RTD-based 
oscillator. Thus, it is extremely 
important to understand the creation 
mechanism of the intrinsic instability in 
DBQWSs.

Previously, a new theory was presented 
by our group that provided a basic idea 
for the origin of the intrinsic oscillation 
in a DBQWSs [1].  This theory revealed 
that the current oscillation, hysteresis 
and plateau-like structure in I-V curve 
are closely related to the quantum 
mechanical wave/particle duality nature 
of the electrons. In addition, these effects 
were shown to be a direct consequence 
of the development and evolution of a 
dynamical emitter quantum well (EQW), 
and the ensuing coupling of the quasi-
discrete energy levels that are shared 
between the EQW and the main 
quantum-well (MQW) formed by the 
DBQWS. This paper will extend the 
earlier theory through the application of 
basic quantum mechanical model. A 
multi-subband model for the describing 
the electron dynamics in DBQWSs is 
given. The multi-subband based theory 
will provide a simple relationship 
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between the oscillation frequency and 
the energy-level structure of the system.  

Our previous research showed that a 
DBQWS becomes a multi-subband 
system once the emitter quantum well 
(EQW) is crested. For a multi-subband 
system, the wavefunctions of the system 
can be written as 
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In terms of the fundamental definitions 
of current and density, the density and 
current can be expressed as 

Generally speaking, these two formulas 
show that there are no oscillations in a 
multi-subband system. However, if a 
system meets the following criteria, the 
oscillations do exist in the system. 

Energy criteria: There are three 
conditions regarding to the relationship 
between the subband energies. If current 
oscillations exist in a multi-subband 
system, one of the conditions has to be 
satisfied.  The following are the 
conditions.

1.  Maximum Subband Coherence: The 
energy differences between the subbands 
are equivalent, that is, 

consttEtEtEtE kllk |)()(|)()(

Here, }{},{ ji kkll , and kl . The 

sets }{ il  and }{ jk are of equal number 

and assume all possible values from the 
number sequences n,,2,1 .

2.  Partial Subband Coherence: A finite 
and countable number of energy 
differences are equivalent, that is,  

consttEtEtEtE kllk |)()(|)()(

Here, }{},{ ji kkll , and kl . The 

sets }{ il  and  }{ jk  are of equal number 

and assume some of the values from the 
number sequences 

n,,2,1 .

3.  Minimum Subband Coherence. The 
intrinsic oscillation is characterized by 
the condition in which only a single set 
of subbands contributes to the instability, 
that is, 

consttEtEtEtE kllk |)()(|)()(

where l  and k can assume only one set 
of values from the energy level index 

n,,2,1  and kl .

Wavefunction criterion: The 
wavefunctions of the energy levels that 
cause the oscillation should be spatial 
overlapped. That is 0ji if the ith

and the jth  energy levels are able to 

cause the oscillation. 

If the energy criteria and the 
wavefunction criterion can be satisfied 
simultaneously, the current and density 
can be expressed as 

where
t

tEdttF
0

)'(')(  and and

 are periodical functions of time. 

h

tFtF
i

l
kllk

kk
k

k

h

tFtF
i

l
kllk

kk
k

k

kl

kl

et

ejjtj

)()(
2

)(,

**

)()(
2

)(,

Re2)(

||Re2||)(

),(Re2)(

),(Re2||)(

)(
)(

2
*

)(
)(

2

tzHet

tzQejtj

ti
h

tF
i

k
k

k

ti
h

tF
i

k
k

k

14th International Symposium on Space Terahertz Technology

496



Obviously, these formulas show that the 
intrinsic current oscillation in a multi-
subband system originates from the 
intersubband coupling. The previous 
derivations lead to a simple relation, 

hE0  for defining the oscillation 

frequency This relationship can be 
regarded as the basic design formula for 
the oscillator. 

In order to verify our theory, a self-
consistent, time-dependent Wigner-
Poisson numerical investigation has been 
used to reveal sustained current 
oscillations in an isolated DBQWS-
based device. The structure of the device 
has been described elsewhere [1]. The 
potential profiles obtained are then used 
in a Schroedinger-based approach to 
derive the energy level structure and the  
associated wavefunctions as shown in 
Figs. 1 and 2.  From Fig. 1, we can see 
that only 2E  and 3E  contribute to the 

oscillation since the wavefunctions of 
these states are located in the same 
spatial region. Calculations show there is 
only 1% difference between the 
frequency from the Wigner-Poisson 
simulation and that from the formula 

hE0 .
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Figure 1.  The quantum subband structure 
that is used to reveal the underlying source 
of the oscillations.
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Figure 2.  The wavefunctions of the 
subbands in the system.   

 Insight into DBQWSs as potential 
devices for very high-frequency 
oscillators is facilitated through two 
simulation studies. Together, these 
studies establish the fundamental 
principals and basic design criterions for 
the future development and 
implementation of DBQW-based 
oscillators. Further, this paper provides 
physical interpretations of the instability 
mechanisms and explicit guidance for 
defining new structures that will admit 
enhanced oscillation characteristics. 
Also, the theory has been used to probe 
the possible device structures that can 
create oscillations in the positive 
differential resistance region of the 
average I-V curve.  These physics-based 
models and design criteria will be used 
in the future to facilitate the design of a 
realistic oscillator where a tunneling 
structure is integrated and optimized 
within an embedding circuit.
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argon atmosphere. The background pressure in a vacuum chamber prior to deposition was 
about 3×10-7 mbar. The argon working pressure was 6×10-3 mbar and 9×10-3 mbar during 
Mo and Cu deposition correspondingly. The deposition rate was 1.7 nm/sec for Mo and 
0.9 nm/sec for Cu. The calibration has been done independently using specially deposited 
films measured by alpha step profilometer. Finally samples were cut into pieces of 24 × 
1.5 mm2 size to provide measurements. 

Samples with the following Mo/Cu thickness values (nm) have been fabricated: 

           (1)  8/0, 8/30, 8/50, 8/100; 
(2) 12/0, 12/30, 12/50, 12/100; 
(3) 15/50, 25/50, 35/50, 50/50; 
(4) 10/40, 15/35, 20/30, 30/20. 

Dependencies of resistance versus temperature R(T) have been measured in 3He/4He 
dilution refrigerator using four-probe method. The transition edge temperature of samples 
with Mo thickness 12 – 15 nm turned out to be the most sensitive to Cu thickness. Such 
samples have shown the transition edge temperature in the range 0.075 – 0.4 K, which 
is required for bolometer operation. Samples with thinner Mo layer haven’t demonstrated 
the superconducting transition at all. R(T) dependencies for Mo/Cu thickness values 
15/35 and 12/100 (nm/nm) are shown on Fig.1 together with R(T) dependence for pure 
Mo film of 12 nm thickness.  

The effect of proximity is clearly seen from the Fig.1. The transition edge temperature 
decreases with thickening of the Cu layer, simultaneously the resistance of bi-layer 
structure getting smaller. The pure Mo film has shown transition temperature of 

0.93 K,which is expected value for Mo. 

The parameter dTdRRT // , which characterizes the abruptness of superconducting 
transition, has been estimated in the vicinity of the superconducting transition edge 

temperature (Tc) for three measured samples. It was found to be  1070 for Tc

0.93 ,  150 for Tc  0.4  and  510 for Tc  0.08 . This parameter determines 

the speed response: the larger  the smaller response time of bolometer [3]. The value of 

 found in our measurements for Tc 0.08  and 0.4 K is about two times smaller in 
comparison with this value reported in [3] for similar bi-layer structure. Probably it can 
be explained by nonuniformity of our sputtered thin films. 

Obtained results will provide the basis for subsequent developments of bolometer 
microcircuits with transition edge sensor of micrometer and sub-micrometer size. 

It is pleasure to acknowledge V.V. Dmitriev and V.V. Zavialov for participation in 
measurements. This work was supported by ISTC (project  1239). 
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The assembly of superconducting millimeter and submillimeter-wave circuits becomes 
increasingly difficult as chip dimensions and design tolerances shrink with increased 
operating frequency. Currently, RF ground connections are made by soldering, wire 
bonding or with conductive wire gaskets1,2.  To facilitate assembly and throughput, we 
are developing a beam lead process for quartz chips.  Such processes already exist for 
silicon and gallium arsenide wafers3-5. However, niobium circuits on quartz substrates 
present unique difficulties. SIS junctions introduce additional thermal and chemical 
constraints to process development. For quartz, wet etches are isotropic and dry etches 
with high etch rates require large ion energies. We have developed a new, top-side 
approach to beam lead fabrication suitable for whole wafer processing.  

Introduction 

We have developed a new, top-side approach to beam lead fabrication suitable for whole 
wafer processing. The new process, reported for the first time in this paper, differs from 
our original approach in which a sacrificial epoxy resin is planarized within the trenches 
using a sodium chloride optical flat6. The new process still uses a sacrificial epoxy to fill 
the trenches, but the method of epoxy planarization is much improved. 

Process

After the mixer circuits are completed, trenches are cut along the perimeter of the chips 
using a standard wafer dicing saw. The trenches are diced only partly through the wafer, 
to a depth slightly greater than the desired chip thickness. Multiple passes with the dicing 
saw are used to achieve the desired trench width. Trenches are, on average, 143µm wide 
with a standard deviation of 12µm.    

Planarization is accomplished by filling the diced trenches with a sacrificial epoxy. This 
is done by isolating the trench volume from the surface of the wafer and then injecting 
the epoxy into the trench volume. To isolate the trench volume from the wafer surface, a 
relatively smooth piece of silicone rubber is placed atop the wafer. The silicone is 
naturally attracted to the wafer surface by Van der Waals forces, creating a seal at the 
wafer-silicone interface. Once sealed, the wafer is placed in a metal support jig with the 
backside of the wafer facing up.  Because the trenches run to the edge of the wafer, there 
is a unique opportunity to “inject” the epoxy into this unsealed region. This is 
accomplished by first placing the jig under vacuum along with an attached reservoir of 
epoxy. After the air is removed, the vacuum chamber is tilted in such a way that the 
epoxy runs from the reservoir, into the jig and over the wafer. The epoxy is allowed to 

14th International Symposium on Space Terahertz Technology

499



flow over the wafer until the perimeter of the
wafer is thoroughly coated. When the vacuum is 
released, air pressure forces the epoxy into the 
trenches. The excess epoxy on the backside is
then cleaned off. Next, the wafer and jig are oven-
baked to cure the epoxy. After curing, the silicone 
rubber is gently pealed away, revealing a clean 
quartz surface and epoxy-filled trenches. Because
the silicone rubber seals the surface very tightly 
and uniformly, every trench fills in the same
manner resulting in consistent epoxy planarization 
across the wafer.  The open quartz surfaces are 
completely devoid of any residual epoxy.

The vacuum planarization process produces 
excellent results. The level of the epoxy does dip 
below the level of the quartz, but this dipping is 
slight compared to the depth of the trench. After planarizing once, we find an average dip 
in the epoxy of 3.83µm, with a standard deviation of 630nm. To further improve 
planarization, the epoxy is etched back by 30µm using an oxygen plasma. The process is 
then repeated once again, resulting in an average epoxy dip of only 1.58µm below the 
quartz, with a standard deviation of 470nm, as seen in Figure 1.

Figure 1 Trench depth is improved by
performing the vacuum planarization
process twice.  After one fill, the maximum
depth of the epoxy is, on average, 3.83µm.
After a second fill, this is improved to
1.58µm.

After the epoxy is fully cured, 15nm of titanium and 50nm of gold are sputter deposited
over the wafer using DC magnetron sputtering. The titanium serves as an adhesion layer
for the gold atop the quartz and epoxy surfaces. The gold serves as a plating seed layer, 
providing electrical continuity across the wafer during the plating step.

The beam lead patterns are defined using an ultra-thick resist, and are designed to 
straddle the quartz-epoxy boundary. Thick (10µm) gold beam leads are plated atop the 

seed layer within the resist patterns. After
plating, the resist is stripped with acetone.
The gold seed layer and titanium are removed
using wet chemical etchants. The wafer is then
mounted, beam lead side down, to a silicon 
carrier wafer. With the wafer mounted face-
down, the quartz is lapped to the desired chip
thickness, usually around 100µm or less. 
Since the trenches are deeper than the final 
chip thickness, the lapping process separates 
the chips from one another. The sacrificial 
epoxy is then removed from between the chips 
using an oxygen plasma. The mounting wax is 
then dissolved using TCE. At this point, the 

Figure 2 Epoxy-filled trenches are shown in the
above cross-section of a quartz chip.   The wafer
thickness is 250µm.  The cross-section was made
using a wafer dicing saw.
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chips are completed. The beam leads extend
40µm beyond the chip perimeter, and are rigid 
enough to support the chip when gripped with 
fine tweezers. 

Conclusion

This process was developed specifically for 
quartz, but its implementation is independent 
of the substrate. The technology is easily
transferable to other substrates such as silicon
or gallium arsenide. Moreover, this fabrication
process is also suitable for substrates for
which beam lead processes have yet to be 
developed, such as sapphire and glass.  We
have found a device yield of greater than 60%, 
which is much improved with respect to the
process of [6].  However, the device yield is 
not limited by the planarization process; beam 
lead failures are attributed to seed layer adhesion and plating issues. 

Figure 3 A composite picture of quartz chips
with gold beam leads.  In the upper left is an
SEM image of two beam lead chips.  A close-up
SEM image is shown in the lower right.  In the
upper right is a completed batch of chips. In the
lower left is an end-on picture of gold beam
leads extending off of a quartz chip.

Submillimeter-wave circuits with beam lead RF ground connections greatly simplify the 
assembly of receivers. Beam leads make it possible to quickly test receivers, and allow 
for replacement of nonfunctioning chips without having to deal with conductive 
adhesives, wire bonding or soldering. In turn, the ability to assemble large arrays of 
submillimeter devices is enhanced, since the burden of fabricating a large, functional
array of devices on a single chip is eliminated.  Instead, individual beam lead chips may
be placed into micro-machined waveguides and then tested. Non-functioning devices
may then be removed and replaced. The size of the array is then no longer limited by the 
yield statistics of the device fabrication process. 
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1. INTRODUCTION 

This work describes the design, construction and measured results of the cryogenic IF 
amplifiers developed for band 7 (275-370 GHz) receivers of ALMA (Atacama Large 
Millimeter Array) built by IRAM. The present approach for this channel is to use 2SB 
(sideband-separating) mixers. In that case, the bandwidth allocated for each individual 
sideband and polarization will be 4 GHz. The design and the results obtained are com-
pared with those from the amplifiers built for the instrument HIFI (Heterodyne Instru-
ment for the Far Infrared) of Herschel Space Mission1. In both cases, the required band is 
from 4 to 8 GHz. There is no need to integrate the amplifier with the mixer, since a cryo-
genic isolator has been developed for that band and it is commercially available. 

2. DESIGN 

Both amplifiers use a high quality InP HEMT device in the first stage to obtain the ulti-
mate noise performance. The subsequent stages also employ InP transistors to overcome
the severe power dissipation requirements of the two projects:  HIFI mission lifetime is 
limited by the amount of liquid He, and in ALMA dewars the thermal load is important
due to the great number of channels. ALMA amplifiers are made of three stages to obtain 
more gain and to overcome the noise of the next uncooled amplifier in the IF chain, while 
HIFI amplifiers were built with only two stages. The disadvantages of using InP HEMTs 
against commercial GaAs devices are their sensitivity to ESD, their larger gain fluctua-
tions and the difficulties in its procurement.

The amplifier designed for ALMA (fig. 2) is smaller and lighter than the one of Herschel 
(fig. 1), although it has one stage more. Three stages give more degrees of freedom and 
made possible a new design of the interstage networks, which allows reducing the overall 
length while keeping the gain flat. In addition, an extra cavity in the bottom of the 
Herschel amplifier was suppressed. The cavity was introduced to have the possibility of 
adding a filter for rejection of interference in the bias cables. 

HIFI DMS ALMA PROTOTYPE

Dimensions 58 × 32 × 15 mm 46 × 29 × 9 mm 

Weight 65 g 31 g 

Transistors
1st = TRW IREL1 
2nd = TRW IREL1 

1st = TRW CRYO4 
2nd & 3rd = ETH run1 

Technology Hybrid microstrip, soft substrates

Construction Gold plated aluminium

RF connectors SMA O-ribbon junction SMA sliding pin

Bias connector ITT-Cannon MDM

Table 1: Design features of HIFI DMs and ALMA prototypes
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Figure 1: 2-stages 4-8 GHz HIFI cryogenic LNA
Development Model (DM) YCF 6. 

Figure 2: 3-stages 4-8 GHz cryogenic LNA
prototype for ALMA band 7. 

Reliability was a concern in the construction of the amplifiers for Herschel. The lessons 
learned in the process of space qualification have been applied to the design of the 
ALMA amplifiers. Herschel amplifiers have been tested for thermal cycling, vibration, 
radiation, ESD and EMC. Power connectors were carefully selected, and the junction of 
SMA connectors to the circuit was identified as a critical point. The junction was imple-
mented using the O-ribbon technique to avoid any stress in thermal cycles. The ESD 
damage level of the HEMT devices was measured, and the bias circuit was designed with 
a combination of charge and voltage divider to reduce the sensitivity to a level of ~38000 
V at the power connector, which can be considered safe for manipulation with standard 
ESD precautions. EMC measurements were performed on the Herschel amplifiers in the 
range from 1 MHz to 18 GHz and were found acceptable. It was identified that the weak-
est point was due to radiation picked up by bias cables, in particular at frequencies below 
2 GHz. Special attention was paid in both amplifiers to obtain unconditional stability (no 
oscillation under any passive loading condition). 

3. RESULTS 

Table 2 shows the performance of HIFI and ALMA amplifiers. Noise and gain curves, 
measured in our 350 cold attenuator system are presented in figs. 3 and 4. The noise re-
sults are comparable, at the level of 3.6 K (NF=0.05 dB). Notice the improvement in gain 
flatness and output return losses in ALMA prototype, and the 11 dB higher gain, because 
of the extra stage and a perfected design. 

The measurements were taken without input isolator. PAMTECH developed the cryo-
isolator CTH-1365 K10 for the 4-8 GHz band. The performance of a number of units of 

PARAM. @15 K, 4-8 GHZ YCF 6 DMS AVERAGE YCA 1003 PROTOT.

Average Noise Temperature 3.6 K 3.6 K 

Average Gain 27.1 ±1.1 dB 38.0 ±0.5 dB

Worst Output reflection < -13 dB < -16 dB

Norm. Gain Fluctuations. @ 1 Hz 9.4⋅10-5 Hz-1/2 6.2⋅10-5 Hz-1/2

Total power dissipation 4 mW 9 mW

Table 2: Comparison of the performance of HIFI (average) and ALMA amplifiers. 
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Figure 3: Noise and gain plots of all DMs built for 
HIFI. The colored bands represent the dispersion.

Figure 4: Noise and gain plots of prototype YCA
1003 for ALMA (see features in tables).
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this type has been measured in our labs at 15 K. Typical insertion loss  (worst case in the 
band) is 0.5 dB, which result in an estimated noise increment for an isolator-amplifier
unit of 1.3 K. Typical input and output reflection and isolation are higher than 15 dB. 

A series of measurements of the ALMA amplifier gain fluctuations were taken to evalu-
ate the dependence with the bias point (see fig. 5). This parameter can become a key issue 
in these projects, where large bandwidths and very low noise temperatures are needed. It 
depends mainly on the transistors and we have seen a great dispersion in the results of 
different devices. Therefore, apart from
device selection, bias optimization appears 
as the only procedure to reduce the fluctua-
tions. We have found a remarkable de-
pendence of the gain fluctuations with the 
drain voltage of the transistor, especially at 
low drain currents. Above 0.5 volts the 
fluctuations are rather constant, while be-
low the variation is steep. There is no di-
rect link between power dissipation and 
fluctuations: the fluctuations increase with 
drain voltage and decrease with drain cur-
rent. The optimum bias point for gain fluc-
tuations is not related with the optimum
bias for noise measurements and is more
critical. It is important to notice that small
changes in bias, which may not affect sig-
nificantly the noise temperature, may lead 
to great variations in gain fluctuations. 

Gain fluctuations YCA 1001
LED OFF, T=14 K
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Figure 5: Measurements of the gain fluctuations
of an ALMA prototype amplifier at different bias of
the 1st stage. TRW IREL1 transistor is used in the
1st stage and ETH run1 in the 2nd and 3rd stages. 
The parameter used to characterize the fluctuations
is the spectral density of the normalized gain at 1
Hz. The data is obtained averaging several spectra 
of the time domain data taken at 6 GHz with a
HP8510C VNA.

1 This work is funded in part by by the Spanish MCyT under projects DGES/AYA2000-927, ESP2001-
4519-PE and ESP2002-01693, and European FEDER funds. It is described in detail in I. López-Fernández, 
J. D. Gallego, C. Diez, A. Barcia, J. Martín-Pintado, “Wide band, ultra low noise cryogenic InP HEMT 
amplifiers for the Herschel mission radiometers”, Millimeter and Submillimeter Detectors for Astronomy, 
Proc. SPIE Vol. 4855, pp. 489-500, 2003 (available at http://www.oan.es/cay/tech/SPIE2002_paper.pdf).
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thin film structure showing the proximity phenomenon with the purpose 

of constructing TES bolometer 

S.A.Kovtonyuk, A.G.Kovalenko, A.A.Chebotarev, A.N.Vystavkin1
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11 Mokhovaja Str., 125009 Moscow, Russia 

Abstract. We are developing highly sensitive direct detectors based on Mo/Cu 
superconducting transition edge sensor (TES) for submillimeter radio 
astronomy and spectroscopy. Toward this end Mo/Cu bi-layers with different 
layers thickness values showing the superconducting transition in the 
temperature range 0.075 – 1.0 K have been experimentally tested. We have 
shown that the temperature of the superconducting transition edge can be 
adjusted because of proximity phenomenon by varying the thickness of Mo and 
Cu layers. We present details of measurements and fabrication of these devices. 

For the purpose of equipping of radio telescopes for ground based, airborne and space 
based radio astronomical observation we are developing highly sensitive receivers based 
on direct detectors of sub-millimeter range [1, 2]. Use of transition edge sensor bolometer 
with ultra low ( 0.3-0.1 ) temperature of operation is one of the most promising way to 
achieve appropriate sensitivity and low time constant [3]. The transition edge sensor 
inserted into the center of planar antenna works as an absorber of incoming radiation and 
simultaneously as a signal detector. For signal read-out and amplification the SQUID’s 
based circuits are used. The temperature of operation is set near the superconductor-
normal metal transition edge temperature. A sensor is voltage biased to provide the 
electro-thermal feedback mode of operation with very low time constant [3]. 

Since it is very important to have temperature of superconducting transition edge in the 
range of stable operation of used refrigerator it has been proposed to use the 
superconductor-normal metal bi-layers [3] showing the proximity phenomenon [4]. 
Changing the thickness of superconductor and normal metal layers the temperature of 
superconducting transition edge of the bi-layer structure can be adjusted to the desired 
value. According to estimations [2, 3, 5] using this strategy the best ultimate sensitivity 
and fast response can be achieved simultaneously.  

Toward this end Mo/Cu the bi-layers with different layers thickness values showing the 
superconducting transition in the temperature range 0.075 – 1.0 K have been 
experimentally tested. The sample fabrication procedure was as follows. Two layers of 
Mo and Cu were deposited successively on the polished silicon wafer of 24 × 15 mm2

size and 430 µm thick, kept at ambient temperature, using the dc magnetron sputtering in 

                                                          
1 Corresponding author: vyst@hitech.cplire.ru 
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argon atmosphere. The background pressure in a vacuum chamber prior to deposition was 
about 3×10-7 mbar. The argon working pressure was 6×10-3 mbar and 9×10-3 mbar during 
Mo and Cu deposition correspondingly. The deposition rate was 1.7 nm/sec for Mo and 
0.9 nm/sec for Cu. The calibration has been done independently using specially deposited 
films measured by alpha step profilometer. Finally samples were cut into pieces of 24 × 
1.5 mm2 size to provide measurements. 

Samples with the following Mo/Cu thickness values (nm) have been fabricated: 

           (1)  8/0, 8/30, 8/50, 8/100; 
(2) 12/0, 12/30, 12/50, 12/100; 
(3) 15/50, 25/50, 35/50, 50/50; 
(4) 10/40, 15/35, 20/30, 30/20. 

Dependencies of resistance versus temperature R(T) have been measured in 3He/4He 
dilution refrigerator using four-probe method. The transition edge temperature of samples 
with Mo thickness 12 – 15 nm turned out to be the most sensitive to Cu thickness. Such 
samples have shown the transition edge temperature in the range 0.075 – 0.4 K, which 
is required for bolometer operation. Samples with thinner Mo layer haven’t demonstrated 
the superconducting transition at all. R(T) dependencies for Mo/Cu thickness values 
15/35 and 12/100 (nm/nm) are shown on Fig.1 together with R(T) dependence for pure 
Mo film of 12 nm thickness.  

The effect of proximity is clearly seen from the Fig.1. The transition edge temperature 
decreases with thickening of the Cu layer, simultaneously the resistance of bi-layer 
structure getting smaller. The pure Mo film has shown transition temperature of 

0.93 K,which is expected value for Mo. 

The parameter dTdRRT // , which characterizes the abruptness of superconducting 
transition, has been estimated in the vicinity of the superconducting transition edge 

temperature (Tc) for three measured samples. It was found to be  1070 for Tc

0.93 ,  150 for Tc  0.4  and  510 for Tc  0.08 . This parameter determines 

the speed response: the larger  the smaller response time of bolometer [3]. The value of 

 found in our measurements for Tc 0.08  and 0.4 K is about two times smaller in 
comparison with this value reported in [3] for similar bi-layer structure. Probably it can 
be explained by nonuniformity of our sputtered thin films. 

Obtained results will provide the basis for subsequent developments of bolometer 
microcircuits with transition edge sensor of micrometer and sub-micrometer size. 

It is pleasure to acknowledge V.V. Dmitriev and V.V. Zavialov for participation in 
measurements. This work was supported by ISTC (project  1239). 
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Full-Waveguide Band Orthomode Transducer
for the 3 mm and 1 mm Bands

Gopal Narayanan1, and Neal Erickson
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Abstract

The design of a novel, full-waveguide band orthomode transducer (OMT) for the
3 mm (75 - 110 GHz) waveguide band was previously reported [1]. Here, the fabrica-
tion details and test results from OMTs made for the 3 mm band are presented. New
optimized designs for the 1 mm band are also shown.

1 Introduction
An orthomode transducer (OMT) is a device that separates orthogonal polarizations within
the same frequency band. The traditional way of separating orthogonal polarizations, the
wire-grid diplexer, is large and bulky. A broadband waveguide-based OMT would be a
preferable alternative as it would be much smaller, can be cryogenically cooled, and it
would be a good match to available high-performance dual-polarized broadband corrugated
feedhorns. The design of a novel waveguide-based OMT was previously presented [1]. In
this paper, the measured results of a 3 mm prototype are shown, and new optimized designs
for the 1 mm band are presented.

2 Fabrication and Testing of 3 mm Band OMT
With improved fabrication techniques [2], high-quality waveguide blocks can be directly
machined to 1 THz and beyond. One of the principal requirements in our design is the
scalability of the design to terahertz frequencies. To verify the design, a 3 mm prototype
was built using split-block techniques. Figure 1 shows the split-block view of the WR-10
OMT, and a close-up view of the septum. Design details and dimensions are summarized
in [1]. The split-block was fabricated in Aluminum using NC machining on a conventional
Haas milling machine. The only major challenge is the long (∼ 9.5 mm) oval waveguide
for the vertical (main arm) polarization. This latter feature was milled from both sides
of the block to meet in the middle. The septum is 0.254 mm (0.010 inches) thick, and
was fabricated using the micro-milling technique described in [2] from a 0.010 inch thick
Aluminum shimstock. The septum is placed in a 0.127 mm deep pocket on the split-
plane, and the two split blocks are tightened together using fasteners. Recessed 0.127 mm
deep pockets on either split block outside the waveguide features (see Figure 1a) allows
enough pressure to be applied to ensure adequate grounding of the septum to the block.

1e-mail: gopal@astro.umass.edu
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The assembly is very simple, and the measurements are quite repeatable when the OMT is
disassembled and then reassembled.

Figure 1b shows the results for the fabricated 75–110 GHz band OMT. Measurements
were performed using a scalar network analyzer setup. While the OMT was designed
originally using a square waveguide at the input, at the time of fabrication, a circular-
square transition was built in to the input of the OMT (see Figure 1a). The measurement
setup employed a WR-10 rectangular to circular transition at the input. Two back-to-back
rectangular to circular transitions were  rst measured to calibrate the insertion loss (∼ 0.1
dB across the band) of the single transition. The losses in the measurement setup have thus
been removed in the insertion loss plot shown in Figure 1b. The insertion loss is ∼ 0.2 to
0.3 dB across the band.

Figure 1: (a) Top. Split-block view of the 3 mm band OMT. Bottom. Zoomed-in photo-
graph of the septum used in the OMT. (b) Scalar network analyzer measurements of the
3 mm OMT. Top panel. Insertion Loss in dB for each polarization. Bottom two pan-
els. The measured input match for both polarizations is shown along with two simulated
curves. The measurements points are shown as stars. The solid curves show the simulation
for the designed OMT with an input square waveguide. The dashed curves show the effect
of simulating the full OMT with the circular-to-rectangular transition that was added in the
prototype model to facilitate the measurements.

The bottom two panels of Figure 1b show the measured input match for both polariza-
tions, measured at the input circular waveguide  ange. The match looked somewhat worse
than that predicted by the original design (shown in solid lines in the bottom two panels).
However, in the original design we did not simulate the circular-to-square transition. If
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we simulate the circular-to-square transition that was added at the input to the fabricated
prototype, the agreement is much better. This circular-to-square transition is necessary to
test the OMT, and was added at the fabrication stage without fully accounting for its effect
on the OMT. Measured S11 points below 79 GHz have been removed from the plot in Fig-
ure 1b, as the source used in the scalar measurements did not have enough power to provide
adequate dynamic range for the measurements. This same dynamic range problem in the
measurement setup is present at other frequencies as well, which probably explains why the
measurements are not able to reproduce the deep dips seen in the simulations. Even with
a poorly matched circular to square transition, the prototype OMT has good input match
(< 17 dB across the band). An optimized transition will yield better performance. The
good match with the simulations indicate that there were no major errors in the fabrication.

Compared to the Bφifot OMT design outlined by Wollack et al. in [3], the OMT
reported in this work offers the following advantages: (1) The Wollack NRAO OMT design
had very tight mechanical tolerances and dif cult assembly, and is not suitable for scaling
much above ∼ 150 GHz. The new OMT design presented here can be scaled upto 1 THz
without posing signi cant fabrication dif culties. (2) The waveguide pins (0.127 mm for
W-band) that was used in the Wollack design has been replaced with simple capacitive
steps in waveguide walls, considerably easing assembly and fabrication issues. (3) The
new design also has a septum that is over four times thicker than that used in the Wollack
design, which is easier to fabricate, provides better stiffness, alleviates mode conversion
problems and provides better grounding to the block.

3 1 mm Band OMT Design
The most challenging part of the fabrication of the OMT is the long oval guide (9.5 mm)
required for the vertical polarization to exit the block. This length is required to accommo-
date a normal UG-387 19 mm diameter  ange on all three ports of the OMT. For the 3 mm
band OMT, the tooling required for this guide is not specialized, but for the corresponding
1 mm band OMT, special tooling is required to mill the oval guide. One way around the
problem is to split the block another time at the location of the output oval guide. The two
side arm waveguides will then need to be bent by a H-plane bend and then recombined
together. Figure 2a (bottom) shows such a “symmetric” con guration, with the two output
rectangular output ports located on either side symmetrically from the input square waveg-
uide. This latter structure has two split-planes, one on the YZ-plane as in Figure 2a (top),
and one parallel to the XZ-plane and shown with a dark line in Figure 2b (bottom). On this
latter split-plane, there is an E-plane bend and a H-plane bend, both of which can be opti-
mized quite well, since we can utilize the entire waveguide height and width respectively
for the bends.

Both types of OMT shown in Figure 2a were designed and optimized using CST
Microwave Studio (CST MWS)[4], a time-domain  nite-element analysis software suite.
The predicted input match for both types of OMTs for either polarization are shown in
Figure 2b. In a real receiver system, the input to the OMT will be a corrugated feed-
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Figure 2: (a) Left:Two different designs for the 1 mm band OMT. The top  gure shows es-
sentially a scaled version of the 3 mm design with the two output ports orthogonal to each
other (dubbed the “Non-Symmetric” type). The split-block plane is shown as a dark line
and coincides with the YZ plane. The bottom  gure shows the two side-arm guides bend
through a H-plane bend and recombined to yield the two rectangular waveguide output
ports located symmetrically with respect to the input square waveguide port. In addition to
the YZ split-plane, another split plane is used (a plane parallel to the XZ plane, and shown
as a dark line). The “symmetric” con guration does not need the oval waveguide. For the
vertical (main-arm) polarization, the split-plane occurs where the current  o w is at a maxi-
mum, so care is required in fabrication and assembly. (b) Right: Simulated input return loss
for the “symmetric”and “non-symmetric” con gurations of the 1 mm band OMTs shown
to the left.

horn, so a waveguide  ange will not be required at the input. This can ease the task of
putting  ange patterns on the other two ports, as also the required real-estate on the blocks
for fasteners and alignment pins. The two split-plane “symmetric” con guration shows
slightly better performance than the single split-plane “non-symmetric” con guration. But
the “symmetric” con guration is more complex to fabricate and assemble.

4 Conclusions
A novel full-waveguide band orthomode transducer has been designed, fabricated and
tested. The W-band prototype has > 17 dB return loss and < 0.3 dB insertion loss over
the full design band of 75 – 110 GHz (∼ 40% bandwidth). This new OMT is simple to
fabricate and assemble and is scalable to frequencies of ∼ 1 THz. New optimized designs
for the 1 mm band were also presented.
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ABSTRACT 

We have developed a novel technique for making high quality measurements of the 
millimeter-wave properties of superconducting thin-film microstrip transmission lines.  
Our experimental technique currently covers the 75 120, 220 320, and 450 550 GHz 
frequency bands.  The method is based on standing wave resonances in an open ended  
transmission line.  We measure the characteristic impedance, phase velocity, and loss of 
the microstrip.  Our data for Nb/SiO/Nb lines, taken at 4.2 K and 1.5 K, can be explained 
by a single set of physical parameters, with a temperature-independent loss tangent of  
tan SiO = 1.3±0.3×10-3 for our lowest loss samples.  The corresponding amplitude 1/e
attenuation length is about 30 cm at 100 GHz.  In the region 100 500 GHz, we do not 
observe any significant frequency variation of the loss per wavelength. 

INTRODUCTION

Superconducting thin-film microstrip transmission lines are of major importance in 
superconducting electronics, but their high-frequency properties, especially their losses, 
are not well measured.  Such thin-film microstrip lines are currently used for tuning 
circuits in SIS mixers, pulse propagation in RSFQ superconducting digital electronics, 
and are of also of great interest for use in new architectures for millimeter and 
submillimeter direct-detection focal plane arrays.  The transmission losses of the 
superconducting microstrip lines are a key issue for the feasibility of such architectures.  
While, the properties of superconducting microstrip lines have been investigated 
previously, the method that we present here provides much higher quality data, and 
provides a complete characterization of all relevant electrical parameters. 

EXPERIMENTAL METHOD 

Our method is based on standing-wave resonances in an open ended microstrip stub. The 
entire circuit is fabricated on a thick silicon substrate (400µm), and the millimeter-wave 
radiation is coupled onto the chip quasi-optically using a silicon substrate lens.  There are 
two Nb/Al-oxide/Nb SIS junctions on the chip which serve as direct detectors.  One of 
the junctions is connected to an open-ended Nb/SiO/Nb microstrip stub (Figure 1).  
Having two SIS junctions on the chip allows us to calibrate out changes in the power that 
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is coupled onto the chip from the external signal source. The ratio of the signal from the 
junction connected to the stub, to the signal from the other junction, gives us a precise 
relative power response, whose frequency dependence carries information about the 
properties of the microstrip stub. 

The Agilent 83751B microwave signal generator, paired with the Agilent 83558A 
millimeter-wave source module, allows us to easily generate millimeter-waves in the   
75 123 GHz range (Figure 2a).  We generate mm-wave signals in the 220 320 and 
450 550 GHz bands by coupling the Agilent mm-wave module with a Virginia Diodes 
tripler and quintupler respectively.  We generate the readout signals by AM modulating 
the microwave source at 100 kHz, and using lock-in detection of the SIS currents. 
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Figure 1: (a) Schematic diagram of test device.  (b) Photograph of a 100 GHz test device 
with a 10 mm long microstrip stub.  The Nb top strip is 5 µm wide, and 4000 Å thick.  The 
thickness of the Nb ground plane layer is 2000 Å.  The thickness of the SiO dielectric is 
4000 Å. 
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Figure 2: (a) Schematic diagram of experimental setup.  (b)  Equivalent circuit model of 
the device.  The two junctions are connected in parallel to the slot antenna through two 
identical matching circuits, which we treat as two-port black box linear circuits, 
characterized by an unknown admittance matrix Y. 
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The relative power response is given by the detected power ratio of the two junctions, 
which can be shown to be (Figure 2b): 

where the complex parameter w is defined from:  

We assume that the phase velocity, the percent power loss per wavelength 
(PPL/ ), and the parameter w remain essentially constant over a narrow frequency range 
of a single resonance, and obtain their values using a least-squares fit to the data.  Since 

w/1  scales as the admittance of the junction YJ (which can be calculated from the dc I-V 
curve), the scaling factor yields the characteristic impedance of the microstrip. 

RESULTS

We have taken data in the 75 120, 220 320, and 450 550 GHz bands, at 4.2 K and     
1.5 K, for a wide range of junction bias voltages both below and above the gap voltage.  
Figure 3 shows the measured loss at the two temperatures (for various frequency bins).  
Although the junction impedance varies greatly from 2.0 mV to 4.0 mV, the extracted 
values of the loss are essentially independent of bias voltage.  The difference of about 
1.5% power loss per wavelength between the two temperatures is accounted for by the 
theoretical (Mattis-Bardeen) loss difference in the superconductor.  The remaining loss is 
attributed to the dielectric, with a temperature-independent loss tangent 

3103.03.1tan SiO .  We do not observe any significant frequency variation of the 

loss per wavelength, which can be attributed to a constant loss tangent in the range 
100 500 GHz.  The scaling factor of 1/w yields the characteristic impedance of the 
microstrip, which we measure to be 6.00.110Z .
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Propagation in Lossy and Superconducting Cylindrical Waveguides 
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Abstract – We present rigorous analysis of guided propagation in cylindrical waveguides 

with finite conductivity and superconducting walls. Our calculations are based on a 

method by Stratton which solves Maxwell’s equations in cylindrical coordinates. The 

transcendental equation gives the complex propagation constant as a function of 

frequency, geometry and conductivity. The complex conductivity of the superconducting 

waveguide is obtained from BCS theory. We computed the attenuation and cutoff 

frequencies in different materials at microwaves and submillimetre-wave frequencies and 

compared with those obtained from the commonly used approximate computations. 

1  Introduction 

While the electromagnetic behaviour of planar superconducting transmission lines have 
been thoroughly investigated [1] – [4], little has been reported on superconducting 
waveguides. Waveguides are fundamentally different from the microstrip. A microstrip 
can support a single TEM with complex propagation constant that remains constant 
below the superconducting gap. A cylindrical waveguide however supports multimode 
operation and the complex conductivity influences propagation via surface impedance 
dependency and also by modifying the modes cuttoff. Consequently we expect 
superconductivity to influence attenuation significantly, not only near the gap but also 
near cutoff. 
     The commonly used method for calculating the complex propagation constant in a 
waveguide is to first obtain the fields by assuming infinite conductivity. This allows 
separating the solution into TE and TM modes. The cutoff frequencies and phase velocity are 
obtained by solving a simple characteristic equation. To calculate attenuation, the fields 
are assumed to penetrate the conductor surface and energy dissipated rapidly within a 
thin layer. This analysis is only valid if the decay of the field within the surface is much 
faster than its variation in the tangential plane, an assumption that applies for good 
conductors.
     In a waveguide of finite conductivity, pure TE or TM modes cannot be excited 
separately. A valid solution of the wave equation must be expanded in terms of both TE 
and TM mode functions. Equating the tangential components of the fields at the 
boundary within and outside the conductor surface yields characteristic equations far 
more complicated than those for the perfect conductor. 

2  Propagation in lossy cylindrical waveguides 

Approximate solution: The electric and magnetic fields propagating in the z-direction in a 
waveguide with uniform cross section are expressed as - 

zje )(
0EE  and 

zje )(
0HH ,    (1) 
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where  and  are respectively the attenuation and phase constants. By considering the 
average power per unit area along the waveguide and using the Poynting theorem, the 
attenuation constants for the TM and TE modes respectively are given by the 
approximate expressions [5] - 
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where a is the radius, ZS the surface impedance,  the intrinsic impedance, f the 
frequency, fc the cutoff frequency, and p nl is the l-th root of the first derivative of the 
Bessel function J n . 
Exact solution: The field in the cylindrical waveguide may be written as a combination of 
elementary waves having the general functional form – 

tjzj

cn

jn erkFe )( ,     (3) 

where Fn is a cylindrical function, j  is the propagation constant, 222 kkc
,

jk 2 , and  is the complex conductivity of the lossy waveguide wall. For 

superconducting waveguide the complex conductivity is obtained from BCS theory [7]. 
Within the waveguide (0 r a), Fn takes the form of a Bessel function Jn and outside 
the guide (dielectric or lossy conductor), the Hankel function of the first kind Hn

(1) is used 
to satisfy the radiation condition at r  . The boundary condition that the tangential 
fields are continuous across the waveguide wall yields four linear-homogeneous 
equations in four unknown coefficients. A non-trivial solution is only obtained if the 
determinant of the equations vanishes. This yields the transcendental equation [7] - 
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In the above u = kc
1
a, v = kc

2
a and the superscripts 1, 2 refers to the regions inside and 

outside the waveguide respectively. The above equation can be solved numerically for 
the propagation constant  for TE modes. For TM modes an alternate form of the 
equation is required - 
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3  Results & Conclusion 

The results are depicted in Fig. 1 – 6. Our analysis reveals that in practical applications, 
the modes in a superconducting waveguides could be approximated to those in a perfect 
conductor, which is consistent with recently reported experimental results. We also found 
that for good conductors, the attenuation computed by the surface impedance method is 
very close to the rigorous solution. However the results from the two methods differ 
significantly in two regions. They deviate near cutoff and at extremely high frequencies. 
At  = c the attenuation given by the approximate method becomes singular. In the 
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exact solution such singularity does not exist and the attenuation diverges sharply 
but continuously. The differences turn out to be significant even for good conductors. 
This difference in the attenuation results is large enough to be easily measurable. Next, 
at very high frequencies, with the approximate method we can still assume 
that only the TE11 mode is excited and hence the attenuation as a function of 
frequency diverges to infinity. The exact solution however gives a finite loss, which 
is clearly a more realistic behaviour. We attribute these differences to the fact that in 
those cases the field can no longer be approximated to those of a perfect 
conductor. In particular the solutions are no longer separable as either TE or TM modes. 

Fig. 1  Attenuation for TE11, TE01 and TM11 
modes in a copper waveguide of radius 8.1 mm at 
low frequencies. Results by both the exact and the 

approximate surface impedance methods are in very 
good agreement. 

Fig. 2  Attenuation for TE11 mode in a copper 
waveguide of 8.1 mm as in Fig. 1 showing 

discrepancy between the results of the rigorous and 
the surface impedance methods near the cutoff 

frequency. 

Fig. 3  Cutoff frequency as a function of 
conductivity. Notice that the cutoff 

calculated by the approximate method does not vary 
with conductivity. 

Fig. 4  Attenuation for TE11 mode in a copper 
waveguide of 8.1 mm as that in Fig. 1 at extremely 

high frequencies. 

14th International Symposium on Space Terahertz Technology

518



References 
[1]  G. Yassin and S. Withington, “Electromagnetic models for superconducting millimetre-wave and sub-
millimetre-wave microstrip transmission lines”, J. Phys. D: Appl. Phys., 28, 1995, pp. 1983 – 1991. 
[2]  G. Yassin, G. Jung, V. Dikovsky, I. Barboy, M. Kambara, D. A. Cardwell, and S. Withington, 
“Investigation of microwave propagation in high-temperature superconducting waveguides”, IEEE 
Microwave Guided Wave Lett., Vol. 11, 2001, pp. 413 - 415. 
[3]  P. L. Kautz, “Picosecond pulses on superconducting striplines”, J. Appl. Phys., 49(1), Jan. 1978, pp. 
308 – 314. 
[4]  Simon Ramo, John R. Whinnery, and Theodore Van Duzer, Fields and waves in communication 

electronics, 3rd edn., John Wiley & Sons, Inc., 1994. 
[5]  D. C. Mattis and J. Bardeen, “Theory of the anomalous skin effect in normal and superconducting 
metals”, Physical Review, Vol. 111, No. 2, July 1958, pp. 412 – 417. 
[6]  Julius Adams Stratton, Electromagnetic Theory, McGraw-Hill Book Co., Inc., 1941. 

Fig. 5  Attenuation for TE11 mode in a Nb 
waveguide of 0.16 mm. Both the rigorous and 

surface impedance methods agree well for both 
normal and non-superconducting states. 

Fig. 6  Attenuation for TE11 mode in a Nb 
waveguide of 8.1 mm. Both normal and 

superconducting behaviours are shown. At low 
frequencies both the rigorous and surface impedance 

methods agree well. There are deviations between 
the two methods at high frequencies above the gap. 
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Autocorrelation Spectrometers for (sub)millimetre Spectroscopy

A. Emrich, S. Andersson, J. Embretsén, J. Dahlberg, L. Landen, C. Tegnander
Omnisys Instruments AB, Gruvgatan 8, 421 30 Göteborg, Sweden

ABSTRACT

The autocorrelation spectrometer is one of four types of spectrometers being considered for space based
(sub)millimetre heterodyne systems. The advantages of the digital autocorrelation spectrometer
compared to Chirp Transform, Acousto Optical and Filterbank spectrometers are; stability, compactness,
high reliability and variability in bandwidth and resolution.

The detailed design of three autocorrelation spectrometers will be described, from the ODIN
spectrometer currently in operation in space, the TELIS spectrometer delivered to DLR, and for an
experiment under development for Venus Express.

ODIN SPECTROMETER

The ODIN satellite is a joint aeronomy and astronomy mission. The main payload consists of four
tunable heterodyne schottky receivers in the frequency range 480-570 GHz and one fixed tuned 119
GHz heterodyne system. In addition, there is an UV-spectrometer.

There are four back-end spectrometers connected to the five heterodyne systems, two autocorrelation
spectrometers, one AOS and one filterbank. The autocorrelation spectrometer and AOS power
consumption are the same, while the size and mass of the AOS is 7 times the correlation spectrometer.
The filterbank only consumes 2 W.

The ODIN satellite has been in successful operation for more than 2 years, the design lifetime, and a
decision has been made to operate for an additional 2 years.

Figure 1. The ODIN spectrometer core. The complete spectrometer has 100-800 MHz bandwidth in steps with 0.13-1.1
MHz resolution. Other specifications are: 1 kg,  220x180x30 mm and 18 W power consumption. The spectra is “first
light” from the satellite.

DLR/TELIS SPECTROMETERS

Based on a chip-set developed during 1998-1999, motivated by MASTER and FIRST, 600 MHz
coverage and 256 channels resolution is possible with only two chips, one quantiser and one correlator
chip.
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A “standard” spectrometer with 2x2 GHz bandwidth, and 2 x 1024 channels has been designed, and two
of those has been ordered for the DLR TELIS project. These will be shared between three front-ends,
through an IF processor, also produced by Omnisys.

Figure 2. The current generation of spectrometers, with top and bottom views, based on a 256 channel correlator chip
and quantizer with 1200 MHz effective sample rate. The box incorporates 2048 channels and could be configured with
1 x 4 GHz bandwidth, 2 x 2 GHz etc. The mass is 900 grams, the size 170 x 110 x 30 mm, and the power consumption is
18 W.

VENUS EXPRESS

Currently a development for a radiometer for the Venus Express mission is under development. For
Omnisys part it is based on preliminary design for a similar instrument, Mambo, planned for a Mars
mission. The instrument will cover 546-576 GHz, and the autocorrelation spectrometers will be flexible,
but covering up to 12 lines between 6-13 GHz, with resolutions from 100 kHz to 20 MHz. The mass
will be 500-700 grams, and the power consumption variable, depending on mode, but between 6-12 W.

Figure 3. Test set-up of the Venus Express chip-set to the left. This chip set can process up to 2 GHz bandwidth, with
1024 channels. To save power, the number of channels used can controlled, starting from 128. On the right side, the
MCM is shown.

CONCLUSION

Now, as a result from the development described above, a general conclusion is that autocorrelation
spectrometers are very competitive with other type of spectrometers for space based (sub)millimeter
radiometry. The main advantages are: compact implementations, scalability and versatility in bandwidth
and resolution, combined with potentially very high stability. In addition, it uses no special technologies
and components, such as CCD’s, Bragg Cell’s or Chirp filters, with concerns regarding availability,
radiation tolerance and other quality concerns.

The chip set developments has been supported by the Swedish National Space Board and by ESA.
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Chip set for autocorrelation spectrometer applications

L. Landén*+, J. Dahlberg*, A. Emrich*

*Omnisys Instruments AB, Gruvgatan 8, 421 30 Göteborg, Sweden
+Chalmers University of Technology, MEL, 412 96 Göteborg, Sweden

INTRODUCTION

Three integrated circuits for autocorrelation spectrometer applications have been
designed and manufactured. The first circuit is an IQ-converter that provides down
conversion to baseband and quadrature. The second circuit is a digitizer that transforms
analog information to digital information. The last circuit is a digital signal processing 
circuit that calculates the autocorrelation function for digital input data. The IQ-converter
and the digitizer have been manufactured using a bipolar silicon process and the
autocorrelator has been manufactured in a 0.25 µm CMOS process. This paper will first
describe the autocorrelator system and then describe the three integrated circuits and a 
multi chip module that has been used. At last, future projects will be described.

AN AUTOCORRELATION SPECTROMETER SYSTEM

The autocorrelation function of a discrete sequence, x(n), of length N is defined as:

( ) ( ) ( )  Znl,,lnxnxlR
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l
xx ∈−= ∑

−

=

1

0

By applying the discrete Fourier transform to the autocorrelation function the power 
spectrum is obtained. The resolution of the spectrum is improved by increasing the 
length, l, of the function. The autocorrelation function can be realized using a digital 
integrated circuit.
The input to the spectrometer is some analog frequency band that is being observed. This 
band is down converted and split into subbands. The subbands are individually down 
converted to baseband with the IQ-converter. The baseband information is quantized by 
the digitizer and then fed to the autocorrelation circuit.

THE IQ-CONVERTER
The IQ-converter is used to convert the subbands to the baseband. It also provides
quadrature meaning that two identical signals shifted in phase by 90° is produced. The
quadrature is used to analyze the upper and lower sidebands at the same time.
The IQ-converter was manufactured using a 0.6 µm silicon bipolar process. The circuit 
consists of two doubly balanced mixers and buffer amplifiers to amplify the IF-signals at 
the output.
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Experimental results showed that the IQ-converter could be used up to 10 GHz input 
frequency and up to 1 GHz output frequency. However, the performance of the IQ-
converter was not satisfactory due to badly balanced output buffers. This means that
commercial circuits are used in this version of the autocorrelation spectrometer system.

Figure 1. The digitizer (left), the low resolution chip (middle) and the high resolution 
chip (right)

THE DIGITIZER

The signals produced by the IQ-converter are analog and need to be converted to digital 
data in order to be manageable by the digital autocorrelator. For this, a digitizer is used. 
Time multiplexing may be used since the quantization is possible to achieve at higher 
frequencies than the following digital signal processing.
The digitizer was manufactured using the same 0.6 µm silicon bipolar process mentioned 
in the previous paragraph. A bipolar process was chosen due to the possibility to design 
high speed high precision comparators. This circuit was designed to be used in parallel 
with the correlator, meaning that I/O and functionality is matched. In order to reduce the 
influence of noise on the data and reference ports, a differential interface was chosen. The
chip consumes 200 mW and its size is 1.175×0.775 mm2.

THE AUTOCORRELATOR
The serial output data from the digitizer is fed to the autocorrelator. This data is then split 
in two identical parts and fed to a multiplier that calculates the autocorrelation function 
for zero delay, l=0. One of the serial data paths is then delayed one clock cycle and
multiplied with the initial data to produce the function for l=1. This procedure is then
repeated until the desired resolution is obtained.
Two autocorrelation chips have been manufactured using a 0.25 µm CMOS process from 
STMicroelectronics, one low resolution correlator with 128 channels and one high
resolution correlator with 1024 channels. The number of channels corresponds to the 
number of delay blocks described in the previous paragraph. The autocorrelation circuits 
can analyze a maximum bandwidth of 1.5 GHz. Synchronization blocks have been
introduced each sixteen channels in order to synchronize the data and the clock. The low 
resolution correlator has a DC-power consumption of 300 mW and its size is 2.5×3 mm2.
The high resolution correlator has a DC-power consumption of 1.5 W and its size is 7×5
mm2. A possibility to switch off channels to reduce the power consumption has been 
implemented on both versions. When the high resolution correlator works at its
maximum frequency it performs 3×1012 operations per second.
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THE MULTI CHIP MODULE
Digitizer and correlator were together with mixers bias circuits and digital control circuits 
implemented on a PCB. The naked chips were mounted and bonded to a ceramic carrier. 
In order to protect the chips and bond wires from the environment, a glob of epoxy was 
placed on this carrier. By placing the chips in module the test possibilities are improved
since the module is possible to move between different PCBs.

Figure 2. The multi chip modules for the low resolution correlator (left) and for the high 
resolution correlator (right)

FUTURE WORK

Some efforts have been made to implement bipolar and CMOS functions on the same 
chip using a SiGe BiCMOS process. Some improvements are expected when using this 
technology since the bipolar transistors have a higher frequency of operation.

CONCLUSIONS
The digitizer and correlator chips described in this paper show good performance and 
they will be used in future spectrometer applications. Quadrature, time multiplex and 
sampling methodology have improved the performance of the spectrometers. The multi 
chip module provides easy handling and testing of the circuits. The power consumption is 
exceptional and an order of magnitude better than comparable solutions. A future
implementation on SiGe BiCMOS looks promising.

The chip set developments has been supported by ESA.
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THIS - A Quantum-Cascade-Laser pumped
Mid-Infrared Heterodyne Receiver

D. Wirtz1, G. Sonnabend2, V. Vetterle1, M. Olbrich1, R. Schieder1

1I. Physikalisches Institut, Universität zu Köln, D–50937 Köln, Germany
2NASA Goddard Space Flight Center, Greenbelt, MD, USA

A brief description of the current status of the Cologne Tuneable Hetero-
dyne Infrared Spectrometer THIS is given. By using quantum–cascade
lasers (QCL) [1,2] as local oscillator (LO) THIS opens the mid–infrared
wavelength region from 5 to 28 µm for ultra–high–resolution spectroscopy
with a system sensitivity equivalent to CO2–laser based heterodyne in-
struments [3–6] (noise temperatures about three times the quantum limit
of 1440 K @ 10 microns, see fig. 2). The current bandwidth of 1.4 GHz is

QCL

HeNe

PC AOS IF

Diplexer
Scanner-
mirror

HeNe-Detector

MCT-
Detektor
+HEMT Signal Reference Hot Cold

Telescope Loads

Figure 1: Setup scheme of the receiver:
QC–laser and signal (switchable between
telescope and two loads for calibration)
are combined and focussed on the detec-
tor. After filtering and amplification the
frequency–analysis is done using an AOS.
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Figure 2: Comparison between QC– and
CO2–laser: system performance is equal,
above 1000 MHz i.f. the performance of the
detector drops.
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provided by an acousto–optical spectrometer (AOS). The frequency res-
olution is R = 2 · 107. (This corresponds to a 14 km/sec bandwidth at
a wavelength of 10 microns). THIS is the only widely tuneable infrared
heterodyne receiver to date.
THIS consists of an optical receiver and common back–end electronics
including the AOS. Inside the receiver the QCL is very efficiantly su-
perimposed with the telescope beam on a confocal travelling wave ring–
resonator (the diplexer) and mixed on a fast Mercury–Cadmium–Telluride
detector (MCT) [7,8]. The performance of THIS using a CO2–laser LO in
comparison with a QCL is practically identical as is shown in fig. 2. A
scheme of the receiver is shown in fig. 1.
Various measurements at different ground based telescopes (e.g. the west
auxiliary telescope of the McMath–Pierce Solar Observatory near Tucson,
Az.) including the analysis of trace gases in the Earth’s atmosphere, ob-
servations of molecular features in sunspots (see fig. 3), and detection
of non–LTE CO2 emission from the Venus atmosphere (see fig. 4) have
been performed. These observations demonstrate the instrument’s capa-
bilities with regards to astronomical observations at both, ground based
telescopes and the stratospheric observatory SOFIA in the near future.
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Figure 3: measurements (black) in a sunspot (11/21/2002) and Voigt–fits (light gray),
left: 040–030 151,15–152,14 transition of H2O, right: 28SiO 6-5 P(50) absorption at
1088.80925cm−1, Insets: Spectra taken on (black) / off (gray) the sunspot. The SiO–
spectrum still shows residuals from atmospheric ozone around 600 MHz i.f.

14th International Symposium on Space Terahertz Technology

526



Besides incorporating new laser–technology it is also important to increase
the presently available IF–bandwidth of MCT–mixer detectors. There-
fore, in collaboration with the Fraunhofer IAF institute in Freiburg, Ger-
many, first experiments with Quantum Well IR–Photodetectors (QWIPs)
began [9,10]. Those devices might be able to reach MCT–mixers in terms of
quantum–efficiency but will probably provide a significantly larger band-
width (fig. 5 shows one of the first test measurements). As future back-
end a Wide–Band–Specrometer (WBS) is currently under development at
KOSMA based on the well known AOS–design. It will double the avail-
able bandwidth to 3 GHz. Further increase in bandwidth is achieved by
stacking several spectrometers in an array–setup.
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Figure 4: Non–LTE R(36) transition of
CO2 from the illuminated arc of Venus.
The emission is located in the middle of
the broad CO2–absorption peak. Data are
binned to 20 MHz resolution.
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Figure 5: First test of a QWIP–detector:
the overall performance is still well be-
low MCT–mixers but new developments
promise good quantum–efficiencies and
large bandwidths.

The long–term goal is the operation of THIS on the stratospheric ob-
servatory SOFIA from roughly 2007 on. Here the detection of the two
lowest lying pure rotational transitions of cold interstellar H2 against
moderately hot IR sources at wavelengths around 17 and 28 µm will be
the prime target. Moreover since QC–lasers are beeing developed for the
THz–regime as well, THIS might serve as a prototype for QCL–pumped
THz–receivers in the future.
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Abstract

We have developed a cartridge-type
receiver system composed of three
cartridge-type receivers and a cryostat,
which is designed to test on the Atacama
Submillimeter Telescope Experiment
(ASTE). It was preliminary evaluated
at Pampa la Bola (alt. 4800 m) in the
northern Chile since November 2002. The
cryostat, which can house 3 cartridge-
type receivers, has been developed with
following technologies; a central pipe and
bellows structure to reduce mechanical
vibration; simple and efficient thermal
links for plug-in cartridges; 3-stage
Gifford McMahon cryocooler and an
outdoor compressor. Engineering models
of band 3 (100 GHz), band 8 (500 GHz),
and band 10 (800 GHz) cartridge-type
receivers were independently developed
with cartridge-test cryostats. They were
integrated into the cryostat at NAOJ,

then the system was shipped to the site.
We confirmed that the system including
three receivers operates as designed and
the concept of cartridge-type receiver
system is very promising for the ALMA.

Instruments

A cartridge-type cryostat, which can
house 3 cartridge-type receivers, has been
developed for the ASTE. The ASTE 10
m telescope has been developed as a pro-
totype antenna of the Large Millimeter
Submillimeter Array. It was installed
on Pampa la Bola following evaluation
at Nobeyama. The detail of this cryo-
stat was described by Yokogawa et al.
(2003)[1]. The cryostat is shown in Fig-
ure 1. The cylindrical cryostat can accom-
modate 2 cartridges of 170 mm diameter
and 1 cartridge of 140 mm diameter. The
cryostat is composed of 3 stages, which
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Figure 1: (a)A schematic drawing of a
cryogenic system for the ASTE, which
houses 3 cartridge-type receivers. (b)A
photograph of the cryostat. 3 cartridge-
type receivers (from right to left, 800
GHz, 100 GHz, 500 GHz) are installed.

are connected with corresponding stages
of a cryocooler.

The concept of the thermal link
for the ALMA receiver was proposed
by the Rutherford Appleton Laboratory
(RAL)[2]. We have designed and devel-
oped a simple and efficient thermal link
with high heat conductivity [3]. Measured
thermal conductance of φ170 mm links is
1.7, 5.6, 3.3 W K−1 for 4, 12, and 80 K
stages. This simple and compact links
have good performance and can be easily
fabricated.

The concept of the cartridge for the
ALMA was proposed by the RAL [2].
NAOJ have developed cartridges which
have compatible interface to the ALMA
receiver cartridges. The cartridge struc-
ture is supported by the central pipe as
shown in Figure 2a, b. One can assem-
ble and maintain receivers without de-
composition of the NAOJ cartridge. The
φ140 mm cartridge has been designed and

Figure 2: (a) A schematic drawing of the
φ170 mm cartridge made by NAOJ. (b)
The same in (a), but for φ90 mm cen-
tral pipe. (c) A schematic drawing of the
φ140 mm cartridge made by Osaka Pre-
fecture University/Nagoya University.

developed by Osaka Prefecture Univer-
sity/Nagoya University is shown in Figure
2c. Support structure of their cartridge
is composed of divided plates placed on
the circumference. This cartridge pro-
vides accessibility and spaciousness.

An engineering model of band 10
cartridge-type receiver has been devel-
oped. We designed and developed a sin-
gle mirror optics which couples between
a feed horn and the subreflector of the
antenna. The dielectric is used for cou-
pling the RF signal with the LO signal.
Receiver noise temperature was about
1000 K in DSB at a LO frequency of
812 GHz.

An engineering model of band 8
cartridge-type receiver has been devel-
oped. The optics is similar to that of the
band 10 receiver. Receiver noise tempera-
ture was about 240 K (DSB) at 498 GHz.
This receiver was used for noise measure-
ments of hybrid photonic LO (for details,
see [4]).

A engineering model of band 3
cartridge-type receiver has been devel-
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oped as a scaled model of band 4 by
Osaka Prefecture University and Nagoya
University [5]. We designed flat and el-
lipsoidal mirror of room temperature and
adopted frequency independent solution
for receiver optics. The SIS mixer device
of band 3 receiver is a parallel-connected
twin-junction [6][7]. The measured re-
ceiver noise temperature is less than 25 K
(DBS) in the frequency range of 95 −
120 GHz.

Integration and test observation

Three cartridge-type receivers have been
independently developed with cartridge-
test cryostats, which are developed for
tests in laboratories [8]. Then, three re-
ceivers were integrated into the cryostat
at the Mitaka campus of NAOJ. We con-
firmed that their performance is almost
same as that measured with the cartridge-
test cryostat. After the integration, the
system was shipped to the ASTE site.

In November 2002, 3 cartridge-type re-
ceivers were installed to the ASTE. On
17 November 2002, we detected contin-
uum signals from the moon with all three
receivers. The moon and Jupiter effi-
ciency of the band 3 receiver were 90 %
and 73 % at 100 GHz, respectively. In
spite of not adjusting tilt parameters of
the subreflector, the moon and Jupiter
efficiency were 82 % and 42 %, respec-
tively at 498 GHz. The pointing accuracy
was about 1′′, which derived from mea-
surements of the Jupiter and the Saturn.
On 9 December 2002, we observed a spec-
trum of CI (rest frequency = 492.16 GHz)
from Orion (Figure 3). At that night,
the optical depth at zenith was ∼ 1.0 and
the system noise temperature was around

Figure 3: A spectrum of CI (3P1 −3 P0)
from Orion KL.

1000 K.
We have confirmed that the engineering

models of three cartridge-type receivers
work as designed and the cartridge-type
receivers are very promising for ALMA.
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ABSTRACT 

The Antarctic Submillimeter Telescope and Remote Observatory (AST/RO) is 
a 1.7-m diameter offset Gregorian instrument operating year-round at the NSF 
Amundsen-Scott South Pole Station. During the Austral winter of 2002, there were 
five submillimeter heterodyne receivers mounted on its optical table: 1) a 230 GHz 
SIS receiver, 2) a 450-495 GHz SIS quasi-optical receiver, 3) a 450-495 GHz SIS 
waveguide receiver, 4) a 800-820 GHz fixed-tuned SIS waveguide receiver and 5) 
a 2x2 804-810 GHz fixed-tuned SIS array receiver (PoleSTAR). Observations 
were conducted at 230 GHz, 460-490 GHz and 810 GHz towards Galactic Center 
region and Magellanic Clouds. After an upgrade of PoleSTAR and a successful 
installation of a 1.5 THz heterodyne receiver (TREND) during the last Austral 
summer, AST/RO is currently able to measure the sky at wavelengths from 1.3 mm 
to 200 m.  

AST/RO could be used in future as an observational test bed for additional 
prototype Terahertz instruments. Observing time on AST/RO is available on a 
proposal basis (see http://cfa-www.harvard.edu/~adair/AST_RO).

I.   Introduction 

The Antarctic Submillimeter Telescope and 
Remote Observatory (AST/RO) is a 1.7-m 
diameter offset Gregorian telescope with optics 
designed for wavelengths between 3 mm and 200 

m. It is the first submillimeter-wave telescope to 
operate year-round on the Antarctic plateau and is 
open to the astronomical community on a proposal 
basis. The South Pole is the best ground-based 
observatory site for the millimeter, submillimeter, 
and far-infrared, due to its extremely cold, dry 
conditions. Since AST/RO became operational in 
January 1995 at the United States National Science 
Foundation Amundsen-Scott South Pole Station, 
over 800,000 raw spectra have been obtained, 
including maps of the Magellanic Clouds, Carina 

molecular clouds, and the Galactic Center region in the 230 GHz line of CO (2-1), 492 GHz 
line of C I, 461 GHz line of CO (4-3) and 807 GHz line of CO (7-6). Figure 1 is a photograph 

Fig. 1. The Antarctic Submillimeter Telescope 
and Remote Observatory atop its building at the 
South Pole in 2002 February. 
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of AST/RO, which located on the roof of a dedicated support building about 1 km from the 
Geographic South Pole. In this paper we report the current status of AST/RO. 

II. The AST/RO Optics and Calibration System 

AST/RO is a full steerable, offset Gregorian 
telescope with a tertiary chopper mirror at the exit 
pupil and a four-mirror Coudé arrangement. Figure 
2 is a schematic of the optical design. The primary 
mirror is an offset section of a paraboloid made of 
carbon fiber and epoxy with a vacuum-sputtered 
aluminum surface. It has a surface roughness of 6 

m and an rms figure of about 9 m (Stark 1995, 
1997). The secondary mirror is a section of a 
prolate spheroid. The tertiary and quaternary 
mirrors are flat.  

The calibration system is suspended 
underneath the azimuth structure above the 
receiver table, as seen in Fig. 2. Three blackbody 
calibration loads can be viewed by the receivers: a 
load at the receiver room ambient temperature and 
two loads cooled by closed cycle refrigerator to 40 
and 90 K. The ambient temperature load is 

mounted on a linear actuator and can be moved to block the beam from the sky. The cooled 
loads are in a Dewar to the side of the beam coming into the Coudé room and are switched 
into the beam by flat chopper mirrors (Stark 1997). 

III. The AST/RO Submillimeter-wave Receivers 

During the 2002/2003 Austral summer season, we upgraded PoleSTAR and replaced the 
450-495 GHz SIS quasi-optical receiver (165-250 K DSB, Engargiola, Zmuidzinas, & Lo 
1994) with a 1.5 THz heterodyne HEB receiver (TREND). Figure 3 shows the AST/RO 
receivers mounted on optical table. 

230 GHz SIS receiver (Kooi et al 1992) 

      The 230 GHz SIS receiver has a full height rectangular waveguide mixer with two 
tuning elements: E-plane tuner and backshort. The mixer, which uses a small size 0.25 m2

Nb/AlOx/Nb SIS tunnel junction with RC ~1.7 at 230 GHz and a wideband integrated IF 
matching network, is able to work in a frequency range of 225-255 GHz with the current local 
oscillator (LO). The LO power is injected to the junction via a 12 m thick Mylar 
beamsplitter. Since the upgrade in 2001, this receiver has been working stably for CO (2-1) 
observations, with a typical DSB receiver noise temperature of 80 K. A novel Millitech 230 
GHz multiplier, which is a combination of an X-band power amplifier and an 18th-order 
harmonic generator with signal input from a frequency synthesizer, has been successfully 
used as an alternative LO source for CO, 13CO and C18O (2-1) observations. With this ultra-
compact LO unit, no high frequency phase-lock control loop is necessary. 

Fig. 2.  Schematic of the AST/RO optical system. 
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450-495 GHz/800-820 GHz dual channel 

SIS receiver (Wanda)  (Walker et al. 1992, 

Honinggh et al. 1997) 

This dual channel receiver was built by 
Steward Observatory Radio Astronomy Laboratory 
(SORAL), University of Arizona, in 1996. The 
“Wanda” 450-495 GHz SIS mixer (Caltech) has a 
double tuning structure of E-plane tuner and 
backshort, while the “Wanda” 810 GHz mixer (U. 
Koln) is fixed-tuned. The two mixers have been built 
into a single dewar and are used in a two channel 
configuration. Two phase-locked RPG-made LO 
chains (77 GHz-Gunn 2 3 and 135 GHz-Gunn 

2 3) provide LO power for both channels via 45o

Mylar beamsplitters. A wire-grid polarizer splits the 
RF signals and allows simultaneous measurement of 
the atomic carbon [C I] 3P1-

3P0 and [C I] 3P2-
3P1 lines 

or the CO (4-3) and the CO (7-6) molecular rotation 
lines. The DSB uncorrected receiver noise 

temperatures are 250K and 1100 K. An extensive survey towards the Galactic Center region 
was carried out using this receiver during the 2001 and 2002 Austral winter seasons (Martin et 
al. 2003). 

800-820 GHz 2 x 2 array SIS receiver (PoleSTAR) (Groppi et al. 2000) 

This SORAL-built 4-channel receiver has been installed on AST/RO since November-
December 2000. It has a unique optical system with a pair of parabolic mirrors and two flats, 
to reimage AST/RO’s focal plane onto a compact 2x2 array of lenses located in the array 
cryostat and to efficiently inject local oscillator power into each mixer. A quasi-optical LO 
power divider is used to split the focused LO beam into 4 equal parts. A JPL-supplied LO unit 
which comprises a 100 GHz Gunn oscillator, a 100 GHz power amplifier and a 2 2 2
doubler chain, together with a simple Mylar beamsplitter are now used to pump the array. 

The SIS mixers used in PoleSTAR were made by KOSMA (Honinggh et al. 1997). Each 
mixer uses a Potter horn with a circular-to-½ height rectangular waveguide transition to 
couple radiation to a Nb SIS junction. The junctions achieve low noise performance through 
the use of an on-substrate Al tuning structure and a fixed waveguide backshort. The mixers 
have embedded magnets to suppress the Josephson effect. After a recent upgrade, three 
mixers are on the sky with receiver temperatures less than 600 K, including all losses in the 
system. 

1.5 THz heterodyne HEB receiver (TREND) (Gerecht et al. 1999, Yngvesson et al. 

2001)

During the 2002/2003 Austral summer season, TREND was successfully installed and 
initialized on AST/RO. The TREND optics, dewar and its laser LO can be seen in Figure 3. 
TREND is a single-pixel THz receiver and its LO frequency can be changed by choosing 
different pumping gases in the submm laser LO. Details of the TREND receiver will be 
described elsewhere in these proceedings. 

Fig. 3.  A 3-d view of current AST/RO 
receiver room configurations with 1.5 THz 
HEB receiver TREND and its laser local 
oscillator installed, looking downwards to the 
Coudé focus. (Created: Dathon Golish, 
modified: Kecheng Xiao) 
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•    Acousto-Optical Spectrometers (AOSs) on AST/RO 

Two low-resolution spectrometers (LRSs) with a bandwidth of 1 GHz (bandpass 1.6-2.6 
GHz), one high-resolution AOS (HRS) with a 60 MHz bandwidth (bandpass 60-120 MHz) 
(Schieder et al 1989). 

An array AOS having four low-resolution spectrometer channels with a bandwidth of 1 
GHz (bandpass 1.6-2.6 GHz) for the PoleSTAR array (Horn et al. 1999). 

IV. Cryostat

The cryostats on AST/RO (except for TREND) were constructed by Precision 
Cryogenics and are based on the successful CSO hybrid design. They use a CTI model 350 
coldhead to cool the outer and inner radiation shields to ~77 and ~14 K, respectively and a 4 
liter liquid helium reservoir to maintain the mixers at their ~ 4 K operating temperature. In the 
single pixel AST/RO receivers, 30.5 mm diameter, Teflon coated, crystalline quartz windows 
are used at 300 and 77 K. Zytex is used as the IR filter on the 12 K radiation shield. Holding 
times of ~ 5 days can be achieved. With the array receiver PoleSTAR, an additional layer of 
Zytex has been substituted for the 50-mil quartz windows at 77 K. This past Austral summer, 
we replaced the original Zotefoam vacuum window with a lower-loss crystalline quartz 
window which has an IR-reflective coating. With all 4 mixers and amplifiers operating in the 
cryostat, the measured LHe hold time is ~ 4 days. 
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Efficient Side-band Ratio Measurement of a Submm Wave Mixer Using a 
Fourier Transform Spectrometer. 
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Abstract 

The sideband ratio is an important parameter for the sensitivity calibration of a DSB 
heterodyne receiver at a telescope. A number of techniques can be used for   
measuring  this parameter. We present sideband ratio measurements of a submm 
receiver in the 600-720 GHz band. A Michelson Fourier transform spectrometer with 
long path length difference is used. A frequency resolution of up to 0.75 GHz is 
achieved. The sideband ratio is measured at many points across the receiver band 
making use of an electronically tuneable LO and automatic receiver tuning 
procedures. The direct response of the same mixer is measured using the same 
interferometer. We will compare the side-band ratio obtained in the heterodyne mode 
with an estimate that can be obtained from a direct detection mode, and evaluate if the 
direct detection curve can be a good indication of the receiver quality. Comparison 
with estimates for the side-band ratio applying the full Tucker theory will be made. 
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1 Introduction

Although there has been many different theoretical studies developed for calculating
the transmission and reflection characteristics of freestanding wire-grids, most of them,
to the authors’ knowledge, were approximate ones only applicable to the cases where
the diameter of the wire is much smaller than the wavelength or the spacing between
wires [1][2]. It was only rather recently that more exact treatment of wire-grid without
such approximations became possible by the Green-function method [3] or the lattice-
sum method [4]. In the first half of this paper, a method for calculating transmission
and reflection characteristics of wire-grids consisting of a periodic array of cylinders
for arbitrary directions of incidence and grid rotation is presented by extending a
very accurate and efficient calculation method for wire-grids based on the lattice-sum
method proposed by Yasumoto et al.[5].

In most of the theories which include the one presented in the first half of this
paper, the wire-grid has been assumed to be a periodic array of parallel cylindrical wires
with a constant spacing between them. In actual wire-grids used in millimeter- and
submillimeter-wave regions, the grids are never free from irregularity in wire spacing
due to the difficulty in producing evenly spaced grids as the spacing decreases[6][7].
There have been almost no detailed theoretical studies made about the effects of grid
imperfection on its performance except the one by Houde et al. [8].

In the latter half of this paper, a perturbation theory for calculating the charac-
teristics of wire-grid with slight random irregularity in its spacing is proposed. In
this theory, the irregularity in wire-grid is modeled as random errors in wire positions
from regular positions, and is treated as a perturbation to the exact theory of periodic
wire-grid by assuming that the positional errors of wires are zero-mean statistically
uncorrelated independent variables from wire to wire. In order to validate the appli-
cability of the proposed theory for actual irregular wire-grid, results of measurements
made for actual wire-grids with different degrees of irregularity at millimeter and sub-
millimeter wavelengths are compared with those of the theoretical calculations.

2 Definition of the Coordinate System

In this paper, we define the coordinate systems as shown in Fig. 1 relating the geometry
of the wire-grid and the incident wave. The wire-grid is a periodic array of parallel
wires of radius a with a period h. In the x-y-z coordinate system, the plane of wire-grid
lies in the x-z plane. Each wire supposed to be an infinitely long cylinder is directed
along the z-axis. The plane of incidence in which the incident wavenumber vector k0
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lies is defined as the X-Y plane (Y ≡ y) which is made by rotating the x-y plane by
φg around the y-axis. We refer to the rotation angle φg as the grid rotation angle.

In reference to the X-Y -Z coordinate system, the
incident wavenumber vector k0 lying in the X-Y plane
is given by k0 = −iXk0 sin χ − iY k0 cos χ where χ is
the angle of incidence. If we define the angles θin and
φin as in Fig. 1 such that the incident wavenumber
vector k0 is expressed in the (x, y, z) coordinate sys-
tem as

k0 = −k0 sin θin(cos φinix + sin φiniy) + k0 cos θiniz,
(1)

the relationship between (χ, φg) and (θin, φin) can be
written as

θin = cos−1(sin χ sin φg), (2)

φin = tan−1(cot χ sec φg). (3)

k0

φ g

θin

φin

2 a

x

z

X

Z

χ

y
Y

h

Figure 1: Coordinate system de-
fining grid orientation and k0.

3 T Matrix of Isolated Cylindrical Wire for Arbitrary Angle of Incidence

Before considering an array of cylinders, let us consider the scattering of a plane wave
by a single isolated cylinder whose axis coincides with the z-axis in Fig 1.

In order for the theory to be applicable not only to metallic wires but also to dielec-
tric cylinders, we assume that the material of wire is a lossy dielectrics characterized
by a relative complex permittivity εr. When the material of the wire is a metallic
conductor with a finite conductivity σ, the relative complex permittivity given by
εr = 1 + jσ/(ωε0) should be substituted1.

3.1 Incident Wave

For later discussions, let us decompose the field of the incident wave into the TM
(transverse magnetic) and TE wave components whose electric field are polarized in a
plane parallel and perpendicular to the direction of wire, respectively.

For the case of TM incident wave, the incident field at (ρ0, φ0, z) in the cylindrical
coordinate system can be generated by the electric Hertz potential [9] given by

Πzi =
∞∑

n=−∞
Aie

jk0z cos θinJn(k0ρ0 sin θin)ejn(φ0−φin−π+π
2
) = ejk0z cos θinP T

0 · ain (4)

where P 0 = [Jm(k0ρ0 sin θin)ejmφ0 ] and ain is the TM -incident-wave amplitude vector
defined as ain = Ai[(−j)me−jmφin ], and Ai is the incident field amplitude related with
the incident electric field E0 by Ai = E0/(k2

0 sin θin).
On the other hand, for the case of the TE incident wave, the incident field can be

generated by the electric Hertz potential given by

Πmzi = ejk0z cos θinP T
0 · bin, (5)

where bin is the TE-incident-wave amplitude vector defined as bin = Bi[(−j)me−jmφin ],
and Bi is the incident field amplitude related with the incident electric field E0 by

Bi = E0/(ηk2
0 sin θin) where η(=

√
µ0/ε0) is the impedance of free space.

1The time dependence of field is assumed to be exp(−jωt) and is omitted throughout this paper.
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3.2 Scattered Wave

We express the TM and TE components of the scattered wave by the electric Hertz
potential Πzs and the magnetic Hertz potential Πmzs, respectively, by using unknown
coefficient Asn and Bsn as

Πzs = ejk0z cos θinQT
0 · asc

0 , and Πmzs = ejk0z cos θinQT
0 · bsc

0 , (6)

where asc
0 = [(−j)mAsme−jmφin ], bsc

0 = [(−j)mBsme−jmφin ] and Q0 = [H(1)
m (k0ρ0 sin θin)ejmφ0 ].

3.3 Field Inside the Wire

Inside the wire, we express the electric Hertz potential Πze and the magnetic Hertz
potential Πmze using the unknown coefficients Aen and Ben, respectively, as

Πze =
∞∑

n=−∞
Aene

jk0z cos θinJn(k1ρ0 sin θ1)e
jn(φ0−φin−π+π

2
), (7)

Πmze =
∞∑

n=−∞
Benejk0z cos θinJn(k1ρ0 sin θ1)e

jn(φ0−φin−π+π
2
), (8)

where k1 =
√

εrk0 and k1 sin θ1 =
√

k2
1 − k2

0 cos2 θin.

3.4 T-Matrix for Isolated Cylinder

If we define the T-matrix [9] relating the m-th mode of the scattered amplitude with
the incident amplitude as(

Asm

Bsm

)
=

(
T

(m)
AA T

(m)
AB

T
(m)
BA T

(m)
BB

) (
Ai

Bi

)
, (9)

the the elements of the T -matrix are derived from the boundary conditions on the
surface of cylinder for each modes as [9]:(

T
(m)
AA T

(m)
AB

T
(m)
BA T

(m)
BB

)
= UM (m)−1N (m), (10)

where the elements of the 2×4 matrix U , the 4×4 matrix M (m), and the 4×2 matrix
N (m) are given as:

U11 = U23 = 1, U12 = U13 = U14 = U21 = U22 = U24 = 0, and (11)

M
(m)
11 = M

(m)
23 = k2

0 sin2 θinH(1)
m (k0a sin θin),

M
(m)
12 = M

(m)
24 = −k2

1 sin2 θ1Jm(k1a sin θ1),

M
(m)
13 = M

(m)
14 = M

(m)
21 = M

(m)
22 = 0,

M
(m)
31 = M

(m)
43 = −k0m cos θin

a
H(1)

m (k0a sin θin),

M
(m)
32 = M

(m)
44 =

k0m cos θin

a
Jm(k1a sin θ1),

M
(m)
33 = −jωµ0k0 sin θinH(1)′

m (k0a sin θin),

M
(m)
34 = jωµ0k1 sin θ1J

′
m(k1a sin θ1).

M
(m)
41 = jωε0k0 sin θinH(1)′

m (k0a sin θin),

M
(m)
42 = −jωεrε0k1 sin θ1J

′
m(k1a sin θ1),

N
(m)
11 = N

(m)
22 = −k2

0 sin2 θinJm(k0a sin θin),

N
(m)
12 = N

(m)
21 = 0,

N
(m)
31 = N

(m)
42 =

k0m cos θin

a
Jm(k0a sin θin),

N
(m)
32 = jωµ0k0 sin θ0J

′
m(k0a sin θin),

N
(m)
41 = −jωε0k0 sin θ0J

′
m(k0a sin θin).
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For the discussion that follows, if we define the incident amplitude vector αin and
the scattered amplitude vector αsc

0 as

αin =

(
ain

bin

)
, αsc

0 =
(

asc
0

bsc
0

)
, (12)

and the T -matrix Υ relating αsc
0 with αin as

αsc
0 = Υ αin, where Υ =

(
T (AA) T (AB)

T (BA) T (BB)

)
, (13)

the elements of Υ are given by using the elements of the T -matrix for the m-th mode
given in (10) as

T (AA)
mn = δmnT

(m)
AA , T (AB)

mn = δmnT
(m)
AB , T (BA)

mn = δmnT
(m)
BA , T (BB)

mn = δmnT
(m)
BB . (14)

As is found from (10), for cylinders with finite conductivity, there exists coupling
between the TM and TE components when θin �= π/2.

4 Scattering of Plane Wave by a Regular Wire-Grid for Arbitrary Angle
of Incidence and Grid Rotation

Before considering irregular wire-grids, let us consider a regular wire-grid of a periodic
array of equally spaced cylinders with a spacing of h as shown in Fig. 1. In this case,
the x-y dependence Ψsc(x, y) of the scattered field

Ψsc(x, y, z) = ejk0z cos θinΨsc(x, y) (15)

at a point (x, y, z) outside the cylinders is given by using Floquet’s theorem as

Ψsc(x, y) =
∞∑

l=−∞
QT

l · asc
0 e−jlk0h sin θin cos φin , (16)

where Ql = [H(1)
n (k0ρl sin θin)ejnφl ] with ρl =

√
(x − lh)2 + y2 and φl = cos−1[(x −

lh)/ρl]. By using Gegenbauer’s addition theorem of Hankel functions given as

H(1)
n (k0ρl sin θin)ejnφl =

∞∑
m=−∞

Jm(k0ρ0 sin θin)ejmφ0H
(1)
n−m(k0hl sin θin), (17)

Ql is expressed as
QT

l = P T
0 · ξl (l �= 0) (18)

where ξl,mn = H
(1)
n−m(k0lh sin θin).

The x-y dependence Ψ(x, y) of the total field Ψ(x, y, z) = Ψ(x, y)ejk0z cos θin is given
by

Ψ(x, y) = P T
0 · (ain + L · asc

0 ) + QT
0 · asc

0 . (19)

The first and the second terms of the right-hand side of (19) are regarded as the
field incident on the 0-th wire and the field scattered by the 0-th wire, respectively.
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By considering the coupling between the TM and TE components given in (9), the
scattered field amplitude αsc

0 can be expressed

αsc
0 = Υ · (αin + Λ · αsc

0 ) (20)

by using the T -matrix Υ for isolated single wire. In (20), Λ is the lattice-sum matrix
given as follows:

Λ =
(

L 0
0 L

)
, (21)

where the elements of L are given by the lattice sum as

Lm,n =
∞∑

l=−∞,l �=0

H
(1)
m−n(lk0h sin θin)e−jlk0h sin θin cos φin . (22)

By solving (20) in terms of αsc
0 , we obtain the scattered amplitude as

αsc
0 = (I − Υ · Λ)−1 · Υ · αin. (23)

The sum of the infinite series in the right-hand side of (22), which is usually referred
to as the lattice sum and is notorious for its desperately slow convergence in problems
of periodic Green’s functions, can be numerically calculated by an accurate and efficient
method based on the Fourier integral representation of Hankel functions proposed by
Yasumoto et al.[5] and [4].

4.1 Reflected and Transmitted Waves

From the scattered amplitude αsc
0 obtained above, the TM components of the reflected

wave Ψr and the transmitted waves Ψt can be obtained as follows:

Ψr
TM(x, y, z) =

∞∑
ν=−∞

pT
ν · asc

0 ej(kxνx+kyνy+k0z cos θin) (24)

Ψt
TM(x, y, z) =

∞∑
ν=−∞

(δν0 + qT
ν · asc

0 )ej(kxνx−kyνy+k0z cos θin) (25)

where

pν =

⎡
⎢⎢⎣

2(−j)m(kxν + jkyν)m

hkyνkm
0 sinm θin

(m ≥ 0)

2j|m|(kxν − ikyν)|m|

hkyνk
|m|
0 sin|m| θin

(m < 0)

⎤
⎥⎥⎦ and qν =

⎡
⎢⎢⎣

2(−j)m(kxν − ikyν)m

hkyνkm
0 sinm θin

(m ≥ 0)

2j|m|(kxν + ikyν)|m|

hkyνk
|m|
0 sin|m| θin

(m < 0)

⎤
⎥⎥⎦

with kxν = 2νπ
h

− k0 sin θin cos φin and kyν =
√

k2
0 sin2 θin − k2

xν . The TE components of

the reflected wave Ψr and the transmitted waves Ψt can be obtained similarly just by
replacing asc

0 with bsc
0 in (24) and (25).

It should be noted that, if h| sin θin|(1 + cos φin) < λ, only the modes with ν = 0 of
the transmitted and reflected waves are propagated, and other modes with ν �= 0 are
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evanescent. In this particular case, the power reflection coefficient R and the power
transmission coefficient T of the grid are given as

RTM = |pT
0 · asc

0 |2, and TTM = |1 + qT
0 · asc

0 |2, (26)

for the TM components of reflected and transmitted waves, respectively. The power
reflection coefficient RTE and the power transmission coefficient TTE for the TE com-
ponent can be obtained similarly by replacing asc

0 with bsc
0 in (26).

You can try calculations of regular grids on our web site[10].

5 Perturbation Theory for Slightly Irregular Wire-Grids

So far, we have assumed the wire-grid as a perfectly periodic array of equally spaced
parallel wires. In this section, we consider an irregular wire-grid whose wire spacing
is not perfectly uniform with slight random displacement of each wire position from
its nominal position keeping the parallelism with each other. Although there might
be other types of irregularity in wire-grids such as the nonuniformity in wire diameter
or the nonflatness of the grid plane, experience shows that they are less significant
as compared with the nonuniformity in wire spacing considering the usual fabrication
method in which wire is wound on a precisely fabricated metallic frame. We, therefore,
focus on the effects of irregularity in wire spacing ignoring other irregularities.

Let the random irregularity in wire spacing of a wire-grid be given by a column
vector η = (· · · , η−1, η0, η1, · · · , ηl, · · ·)T where ηl is a random error in the x position
of the center of the l-th wire from the right position lh as shown in Fig. 2. The
scattering amplitude of the 0th wire given by (23) is modified for this irregular grid
can be expressed as

αSC
0 (η) = (I − Υ · Λ(η))−1 · Υ · αin, (27)

where Λ(η) is the lattice-sum matrix for irregular grid given by replacing lh in the
lattice sum matrix given by (21) through (22) with lh+ηl. If we assume the positional
errors are small variables such that ηl << h (l = · · · − 1, 0, 1, · · ·), αSC

0 (η) can be
approximated to the second order of η as

αSC
0 (η) � αSC

0 (η = 0) +
∞∑

l=−∞

∂αSC
0 (η)

∂ηl

∣∣∣
η=0

ηl +
1

2

∞∑
l=−∞

∂2αSC
0 (η)

∂η2
l

∣∣∣
η=0

η2
l , (28)

where the partial derivatives in the right-hand side of (28) can be obtained as follows
after some algebra:

∂αSC
0 (η)

∂ηl

= (I − ΥΛ(η))−1Υ
∂Λ

∂ηl

αSC
0 (η), (29)

-2 0 21-1η η ηηη

x

y

0

h hhh

Figure 2: Irregular wire-grid with random displacements of grid positions
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∂2αSC
0 (η)

∂η2
l

=

⎡
⎣(I − ΥΛ(η))−1Υ

∂2Λ

∂η2
l

+ 2

{
(I − ΥΛ(η))−1Υ

∂Λ

∂ηl

}2
⎤
⎦ · αSC

0 (η). (30)

If we assume that the positional errors of wires (· · · , η−1, η0, η1, · · · , ηl, · · ·) are zero-
mean statistically independent variables from wire to wire, we obtain the ensemble
average of the scattering amplitude αSC

0 (η) as

αSC
0 (η) � αSC

0 (0) +
1

2

∞∑
l=−∞

∂2αSC
0 (η)

∂η2
l

∣∣∣
η=0

η2, (31)

where αSC
0 (0) ≡ αSC

0 (η = 0), and η2 is the variance of the random positional errors of
wires from their nominal positions.

By substituting (30) into (31), we obtain

αSC
0 (η) �

[
1 +

η2

2

[
(I − ΥΛ(0))−1Υ

∞∑
l=−∞

∂2Λ(η)

∂η2
l

∣∣∣
η=0

+ 2
∞∑

l=−∞

{
(I − ΥΛ(0))−1Υ

∂Λ(η)

∂ηl

∣∣∣
η=0

}2]]
αSC

0 (0). (32)

In (32), the partial derivatives are taken at η = 0, and Λ(η) is given by

Λ(η) =
(

L(η) 0
0 L(η)

)
, (33)

where L(η) is given by

Lm,n(η) = Sm−n(η) =
∞∑

l=−∞,l �=0

H
(1)
m−n(k0(lh + ηl) sin θin)e−jk0(lh+ηl) sin θin cos φin . (34)

With the aid of the recurrence formula and the Fourier integral representation of the
Hankel functions as in [5], we can calculate the partial derivatives of the components
of the lattice-sum matrix by using

∂Sn

∂ηl

∣∣∣
η=0

= (−1)n jejkxlh

kn
0 sinn θin

×
∫ ∞

−∞
[ξ + jκ(ξ)]m[kx + κ(ξ)]

κ(ξ)
ejκ(ξ)lhdξ, (35)

and
∞∑

l=−∞

∂2Sn

∂η2
l

∣∣∣
η=0

= (−1)n+1 ejkxh

πkn
0 sinn θin

×
∫ ∞

−∞
[ξ + jκ(ξ)]m[kx + κ(ξ)]2

κ(ξ)

ejκ(ξ)h

1 − ej[kx+κ(ξ)]h
dξ,

(36)
where kx = −k0 sin θin cos φin and

κ(ξ) =

⎧⎨
⎩

√
k2

0 sin2 θin − ξ2 for k0 sin θin ≥ |ξ|,
j
√

ξ2 − k2
0 sin2 θin for k0 sin θin < |ξ|.

(37)

Once the scattered amplitude vector αsc
0 is obtained from (32), the reflection and

transmission coefficient of the irregular wire-grid can be obtained from (26), and cor-
responding equations for the TE components with (32) and (12).
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6 Comparison of Numerical Calculations with Measurements

To validate the effectiveness of the proposed theory in estimating the characteristics of
practical freestanding wire-grids, results of numerical calculations are compared with
results of measurements made for actual wire-grids with different irregularities.

The conditions for the numerical calculations and the measurements were as follows:

• the material of wires: tungsten (σ−1 = 5.5 × 10−8Ωm [6]).

• the wire diameter: 2a = 10 µm, the nominal spacing between wires: h = 25 µm.

• the angle of incidence: χ = 45◦.

Measurements were made for two wire-grids with different degree of irregularity.
We, hereafter, refer to the one with less irregularity as Grid #1 and to the other as
Grid #2. Figures 3 show the microscopic images of the grid planes of Grid #1 and #2
along with their probabity distributions of the displacements of wires from nominal

positions. From Figs. 3(b1) and (b2), the standard deviations ση(=
√

η2) of the
displacements of wires from their nominal positions are estimated to be 22.7 % and 52
%, respectively, of the nominal wire spacing(h =25µm).

Figs. 4(a) and (b) show the transmission and reflection coefficients, respectively,
for the case of TE-wave incidence where the incident electric field is orthogonal to
the direction of wires. The solid curves show the characteristics calculated for ideal
grid without irregularity, and the dashed, dash-dot, and dotted curves show the char-
acteristics calculated for irregular grids whose irregularities ση are assumed to be
20% (ση = 0.20 h), 40% (ση = 0.40 h), and 50 % (ση = 0.50 h) of the nominal wire
spacing. Calculated results are shown for two different grid rotation angles, φg = 0◦

(denoted as Gperp) and 90◦ (denoted as Gpara), by thin and thick curves, respectively.
In these Figures, Eperp and Epara denote the characteristics for the transmitted or re-
flected electric field component perpendicular and parallel to the plane of incidence,
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Figure 3: Microscopic images (top), and the probability distributions of the positional errors of wires
from nominal positions (bottom) of measured wire-grids.
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Figure 4: Transmission and reflection coefficients of regular (ση = 0) and irregular wire-grids for
TE wave incidence. (2a = 10µm, h = 25µm, χ = 45◦.) Eperp and Epara denote the cases that the
incident electric field is perpendicular and parallel to the plane of incidence, respectively. Gperp and
Gpara denote the cases that the wire is perpendicular (φg = 0◦) and parallel (φg = 90◦) to the plane
of incidence, respectively.
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Figure 5: Transmission and reflection coefficients of regular (ση = 0) and irregular wire-grids for
TM wave incidence. Same as in Fig. 4.

respectively. Measurement results for Grid #1 and Grid #2 are also shown in these
Figures. The corresponding results of calculations and measurements for the case of
TM-wave incidence are also shown in Figs. 5(a) and (b).

By comparing Fig. 4 and Fig. 5, it is found that the transmission and reflec-
tion characteristics of wire-grid are significantly affected by the grid irregularity when
the incident wave has electric field component parallel to the grid wires (TM-wave
incidence) as shown in Fig. 5, while the grid irregularity has little effect on its charac-
teristics when the electric field of the incident wave was perpendicular to the grid wires
(TE-wave incidence) as shown in Fig. 4. This can be explained by the fact that large
currents are effectively induced on grid wires in the TM -wave incident case where the
incident wave has a electric field component parallel to the wires, while currents are
not effectively induced on grid wires in the TE-wave incident case where the incident
wave does not have electric field component parallel to the wires.

Measurement results for Grid #1 and Grid #2 are also shown in Figs. 4(b) and 5(a)
for comparison. From comparison between these measurement and calculation results,
it is found that the measurement results for Grid #1 whose standard deviation of wire
position irregularity ση was 22.7 % of the nominal wire spacing h agrees well with the
theoretically calculated characteristics for ση = 0.20h. For the more irregular Grid #2
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whose standard deviation of wire position irregularity was 52 % of h, the general trend
of the different dependence of the characteristics on the grid irregularity between the
TM and TE-wave incident cases agrees well with the measurement results, although
the theoretical calculation results are found to overestimate the effects of irregularity as
compared with the measurement results. This suggests that the irregularity of 52 % of
wire spacing might be too large for the perturbation theory of irregular grid presented
in Section 5 to be applicable.

7 Conclusion

In the first half of this paper, an accurate and computationally efficient method was
presented for calculating the transmission and reflection characteristics of wire-grids of
a periodic array of cylinders for arbitrary angles of incidence and grid rotation.

In the latter half of this paper, a method to calculate the effects of slight irregularity
in wire spacing of grid was proposed by treating the irregular displacements of wire
positions as a small perturbation to the theory of regular grid derived in the first half of
this paper. Measurements made for actual wire-grids in millimeter- and submillimeter
wavelengths have demonstrated that this perturbation theory was applicable to slightly
irregular wire-grids whose standard deviation of the displacements of wire positions is
less than about 30 % of the nominal wire spacing.
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